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PREFACE 


Th  (aOaving   pages    are  primarUy  inten<led  to  fomi  a  icxi-book 
■Bhte   lor    It     student    wim    U    already    ramiliar   with    the    very 
of  the   subject.     Nerenhck-M  il  is  hoped  ihai  the  refer- 
to  the  most    elementary  parts  of  the  subject  are  suAkienlly 
prevent    the    necessity  of  the  reader  having  to  refer  lo  any 
Uiok.       It    has  been  the  aim  throughout  to  make  the  dc- 
of  the  various  propositiorts  eonsidered  as  cleoiGnUry 
I  paaible.       Thtis   a  knoirledge  of  the  elements  of  algebra  aiid 
and  of  ihe  meaning  of  the  trigonomcuical  ratios  is  a]]  itut 
1*hose  scclion^  which,  on  aecuunt  of  their  difficulty 
■  IcH  importance   as   lar  aa  ifae  sequence  of  the  subject- matter 
k  enacemed,    may  well  be  omitted  on  a  first  reading,  have  been 
■uked  wttk  an  asterisk. 

The  aetUinft  of  the  order  in  which  the  various  branches  should 
he  owfied  is  a  matter  of  some  difficulty.  Iltus  the  strictly  logical 
mia,  at  at  any  rate  the  order  which  is  most  suitable  from  the 
wnd point  of  the  nature  of  the  phenomena  dealt  with,  it  often 
^■Biable  in  an  etemenury  text-lxwic.  In  such  a  wnrk  it  is  of 
Ihe  titmokt  uitporunce  thai  ver>-  little,  if  anything.  »houId  be 
Hken  tar  granted  on  account  of  the  pr<fOf  being  pMtponcd.  The 
•Kc^aity  for  adoptir^  an  arrangement  in  which  ever>-lhing  taken 
kw  granted  in  any  section  has  been  proved  in  the  prc<-eding 
■*tK**«.  haft  been  forced  on  mc  during  my  teaching  work,  at  any 
eue  fur  EletitenUry  students.  Thus  in  the  following  pages,  in 
fciifiim  on  the  otda  in  which  the  subjects  are  dealt  with,  the 
of  Ibe  mntt  convenient  sequence  from  Ihe  point  o( 
haa  been  coosideTcd  of  paramount  imjx>rtanc«. 
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Prefact 


As  no  tnt-book  can  Uke  the  place  of  €3q>erimentaU7  ains- 
trated  lectures  and  of  practical  work  in  the  laboratory,  no  attempt 
has  been  made  to  describe  experimental  illustiaiions  of  the  Tanooi 
phenomena.  For  the  same  reason  the  figures  arc  cDturely  dia- 
grammatic in  character,  and  are  not  intended  as  pwtitrts  of 
apparatus,  &a  ;  the  object  of  the  figures  being  to  elucidate  the 
text  and  not  to  take  the  place  of  the  actual  apparatus.  In  the 
preparation  of  the  cuts  I  have  received  great  assistarx^  from 
Misi  M.  Reeks,  who  has  taken  great  pains  with  the  drawings,  and 
in  many  cases  has  succeeded  in  making  a  clear  and  iiistrui:tive 
diagram  from  very  sketchy  materials. 

In  conclusion  I  have  to  thank  my  colleague,  Mr.  3.  W.  J, 
Smith,  M.A,  for  kindly  looking  through  the  section  dealing  with 
electrolysis,  and  for  many  valuable  suggestions. 


PREFACE 

TO  THE  SECOND  EDITION 

I  4M  sorry  to  say  that  in  the  first  edition  there  were  a  very  much 
larger  number  of  typc^raphical  and  other  errors  than  I  had  hoped. 
I  wish  to  lender  my  sincere  thanks  to  those  correspondents  who 
have  been  so  good  as  to  send  me  lists  of  errata.  In  this  edition 
I  hope  I  have  conected  all  the  errors  of  any  importance. 

W.  W, 

October  igoo. 


PREFACE 

TO  THE  THIRD  EDITION 

In  this  edition  some  additions  have  been  made  to  the  text  where  the 
treatment  seemed  inadequate,  and  a  set  of  Examples  and  Questions, 
arranged  according  to  the  chapters,  has  been  added.  It  is  hoped 
that  the  answers  are  correct,  as  they  have  been  checked  by  Mr. 
W.  S.  Tucker,  to  whom  the  author  wishes  to  express  his  thanks.  Any 
reader  who  discovers  any  mistakes  will  confer  a  great  favour  by 
sending  a  note  of  such  errors  to  the  publishers  or  author. 

W.  W. 

January  1901. 
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BOOK   I 

MECHANICS   AND  PROPERTIES  OP  MATTER 

PART    1— INTRODUCTORY 
CHAPTER  I 

MATTER  AND  ESEftGY 

L  Province  of  Physics.— Ai  a  result  ot  the  obMrratiunii  and 
iqiriinii  1 1-  tnacW-  ilunn^  nuny  Kt^ncraiions  we  aic  tc<l  tu  make  ccti.iin 
au^nfAMKu  or  ajtioou  which  ttatr  that  i)ie  pby&icul  univcnc  has  an 
rtjrctive  esbtcnve,  itnd  that  we  are  niadc  >cc|uiiiiileil  with  il  iai^y  by 
maxa  of  oai  wnses.  If  hinber  w  give  the  luune  fAtng  to  ihiic  itiih  the 
akfeajyt  cxinencr  nf  which  we  nte  acquainicil  hy  our  scnxc«,  then  ii 
fetton  ihat  in  ihc  phftical  unitnw  there  atc  only  tati  dnsscs  or ihmss  ; 
kB  theie  ibe  tames  .Uatltr  and  Entrgy  ate  ^iven.  Tnne  anil  space,  and 
■uny  oiber  quantities,  Mich  »  Number.  Vcloctiy,  rovitton,  Tcmpciaturc^ 
Ac:,  arc  not  thini;>. 

li  mil  probahly  be  allowed  at  omv  that  evciy  fonn  of  maiier,  f>.  a 
■mc,  «  dnif)  of  water,  the  air,  Ac.,  ha«  objcciitc  rxUicnre  ;  tlie  most 
yiifiil  ifxiniiml  in  bvour  of  this  hclkf  brinK  ili«  bci  that  .ill  cipcn- 
hsn:  ibown  ilui  undei  no  rircuni^tance  whaitYCi  c.tii  hc  alici  ilic 
of  mailer.  This  result  of  enfMrriciKV.  which  ii  a  funilaiiiental 
in  oti  quantttaiive  dieinical  expertmmi!!,  it  ^ciictally  loftRcd 
tQ  «•  liie  Cfnier\'aiiini  of  Uatttr. 

Tbe  MAtetncot  tlut  FiiergT'  hat  an  objectio*  existence  u,  bow-erer,  one 
«llkh  is  DOC  BO  readily  acrcpted  :  in  bet  iix  orccptaiMx  by  acicntUic  n>cn 
■nJf  ilaie*  back  a  compAratixcly  short  time.  Expcritnentf,  with  wlucfa 
«K  kholl  ileal  later  OD.  Imv«  buwerer  sliown  lluit  rocr)^,  like  matter,  is 
Mkatradit'lB  «n(I  tntcnatable  by  man.  1'he  uhjective  existence  is,  ft* 
PraJMor  T«il  hiu  iMinicd  out,  virtually  admiiicd  in  a  turious  way  by  Us 
Icjiq;  aJrcrliseil  for  mJc,  it  being  quite  rommiMi  m  manu/.iclutinj;  (cnttes 
!■  *•«  tb^-  oorwp  ^Spmre  Pontr  to  Let."    A^'ain,  water  undet  %  ^re^^ 
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pressure  is  supplied  for  ihe  purpose  of  working  hydraulic  lifts,  &c,  and 
since  the  price  paid  for  a  gii-en  quantity  of  water  is  in  these  circum- 
stances much  higher  than  that  for  which  the  same  quantity  of  water 
would  be  obtained  at  such  pressures  as  are  found  in  the  ordinary  supply 
mains,  we  infer  that  the  purchaser  thinks  he  is  buying  some  "thing" 
besides  the  matter  of  which  the  water  is  composed. 

From  the  foregoing  considerations  we  are  led  to  define  Physics  in  its 
most  genera!  aspect  as  a  discussion  of  the  properties  of  matter  and 
energy.  It  is,  however,  usual  to  restrict  somewhat  th'^  definition  so  as  to 
exclude  the  discussion  of  those  properties  of  matter  which  depend  simply 
on  the  nature  of  the  different  formsof  matter  (Chemistry),  as  also  the  pro- 
perties of  matter  and  energy  as  related  to  living  things  (Biology),  The 
line  of  demarcation  separating  Physics  and  Chemistry  has  never  been 
very  clear,  and  of  late  years  has  practically  vanished. 

2.  Hatter. — Of  the  numerous  definitions  of  matter  which  have  from 
time  to  time  been  given,  wc  may  at  present  adopt  the  following  ;  Matter 
is  that  which  can  occupy  space.  This  definition  does  not  attempt  to 
slate  what  maner  is,  it  only  gives  us  a  working  definition,  which  in  the 
present  state  of  our  knowledge  as  to  Ihe  uliimate  structure  of  matter  is 
all  that  can  be  done. 

We  may  spe.ik  of  a  Ijmited  portion  of  matter  as  abfidy,  and  of  matter 
of  a  certain  definite  kind  as  a  substance.  Thus  water,  sugar,  air,  lead, 
arc  all  niatter,  since  they  all  occupy  space  or  have  dimensions.  Since 
each  of  these  things  is  a  special  kind  of  matter  possessing  distinct 
properties,  they  each  form  a  distinct  substance.  A  drop  of  water  a 
lump  of  sugar,  the  air  enclose<l  in  a  given  vessel,  is  each  an  example  of 
a  body. 

3.  Enepjry.-v  Energy  m-^y  be  defined  as  (he  capacity  of  doing  work, 
where  by  work  we  mean  the  act  of  producing  a  change  of  the  state  trf 
matter  against  a  resistance  which  opposes  any  such  change^  The  real 
meaning  of  this  definition  will  be  made  clearer  when  we  come  to  con- 
sider the  various  forms  in  which  energy  can  exist. 

4.  General  Maxim  of  Physical  Science.— There  is  a  maxini  to 
the  effect  that  the  same  cause  will  always  produce  the  same  effects, 
which  is  at  the  foundation  of  all  our  investigations  in  Physical  Science, 
.Since  no  event  ever  happens  more  than  once,  it  is  evident  that  the  causes 
and  effects  spoken  of  above  cannot  be  the  same  in  all  respects.  What  is 
meant  is  that  if  ihc  causes  only  differ  as  regards  the  absolute  time  and 
place  at  which  the  event  we  are  considering  occurs,  so  the  effects  will 
also  only  differ  as  regards  the  absolute  time  and  place.  In  order  to  meet 
this  defect  in  Ihe  maxim,  Maxwell  has  proposed  to  substitute  the 
following  :  "  The  difference  between  one  event  and  another  does  not 
depend  on  the  mere  difference  of  the  times  or  the  places  at  which  they 
occur,  but  only  on  differences  in  the  nature,  configuration,  or  motion  of 
the  Iwdics  concerned. 
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It  follows  that  if  a  certain  event  has  happened  under  a  certain  definite 
set  of  conditigns,  then  if  at  any  time  exactly  the  same  conditions  again 
arise,  a  similar  event  must  necessarily  follow. 

The  belief  in  the  Inith  of  this  maxitn  is  at  the  foundation  of  all  experi- 
ments, for  an  experimeiit  is  simply  the  artificial  arrangement  of  cedain 
causes,  so  that~we'niay  detetmine  how,  when  one  or  more  of  tlie  causes 
IS  Inoperative,  the  event  ditTers  from  that  observed  when  all  the  causes 
ordinarily  present  are  etTective.  If,  then,  by  experiment  we  find  that 
certain  causes  are  allied  lo  certain  efiects,  we  (eel  sure  that  the  same 
causes  and  the  same  effects  will  al.'sys  be  allied;  while  if  in  any 
experiment  ihe  eflect  observed  varies  when  we  keep  constant  all  the 
causes  that,  as  far  as  we  know,  are  operative,  then  we  may  at  once 
assume  that  there  is  some  other  cause  besides  those  we  have  taken  into 
account  which  is  varying  and  causing;  the  variation  in  (he  effects  ;  and 
it  is  by  investigating  such  causes  that  our  knowledge  of  nature  is  gradu- 
ally extended 


CHAPTER   II 
PHYSICAL   QUANTITIES  AND  MEASUREMENTS 

6.  Physical  Masfnitudes,— Although  in  some  cases  we  may  not  be 

able  !o  measure  it  with  any  great  accuracy,  every  physical  quantity  taa 
a  certain  definite  mayniiude.  Whatever  the  nature  of  the  physical  quan- 
tity may  be,  wc  employ  to  measure  its  matjnilude  a  certain  fixed  anrauni 
of  the  siiwe  Icind  of  physical  quantity,  which  we  call  the  ttff/V  of  that  par- 
ticular quantity.  The  given  quantity  is  then  said  to  be  equal  to  so  many 
limes  the  unit. 

Thus,  in  order  lo  measure  the  magnitude  of  a  given  length,  we  take 
as  our  unit  some  standard  length,  say  the  yard,  and  then  find  how  many 
times  this  length  will  go  into  the  Ki^'en  length.  Say  it  goes  *■  times, 
where  x  may  be  a  whole  number  or  a  proper  or  improper  fraction,  then 
the  tiii'cn  length  is  said  to  be  jr  yards.  We  see,  therefore,  that  the  oDm- 
plcic  statement  of  the  result  of  a  measurement  of  a  physical  quantity 
consists  of  two  pans  ;  lirst,  a  pure  number,  called  the  numeric,  which 
states  the  number  of  limes  the  unit  is  contained  iti  the  given  quantity  : 
and,  second,  the  name  of  the  unit  which  has  been  employed.  Every 
statement  of  the  ma(,'nitude  of  a  physical  quantity  must  consist  of  these 
two  parts,  or  it  will  be  ambiguous.  Thus  if  wc  were  to  say  that  a  certain 
length  was  three,  it  would  be  uncertain  whether  we  meant  three  inches, 
or  three  feet,  or  three  miles,  &c. 

6.  Units. — .Since  the  magnitude  of  every  physical  quantity  has  (o  be 
measured  in  terms  of  a  unit  of  its  own  kind,  it  follows  that  there  wlU 
be  as  many  units  as  there  are  different  kinds  of  physical  quantities  to 
be  measured. 

As  great  inconvenience  would  be  caused  if  different  people  used  in 
their  measurements  different  units,  the  magnitude  ot  the  unit  has  in 
most  cases,  cither  by  usage  or  by  law,  been  agreed  upon.  Such  a  unit 
is  generally  called  a  standard  unit. 

7.  Fundamental  and  Deiivetl  Units.  -The  magnitude  of  the  unit 
chosen  in  every  case  may,  if  we  like,  be  quite  arbitrary,  and  in  fact 
until  a  comparatively  recent  time  this  was  so.  The  advances  of  physical 
science  have,  however,  shown  that  there  are  certain  relations  which  exist 
between  different  kinds  of  physical  magnitudes,  and  that  by  selecting 
the  units  in  a  certain  number  of  cases  it  is  possible,  by  making  use  of 
these   relations,  to  fix  the  magnitude  of  the  units  for  the  rest  of  ihe 


f|;i  Absohat  Systems  a/  Units  ; 

pttiiral  quaautin.  (Tho  units  wbkh  nre  ihm  cbunoi  »  ih«  buis  Ibf 
•a  iftosn  iii  tuiit»  arc  t:ai\tA /iin,iatneii/al ii>iitA'n\a\e  ttuMc  unil)>,  for 
ik  domninatiiH)  of  the  (DU);iiiiuil«  nf  which  ite  make  u»r  oJ  ibc  rein- 
Eou  vhkh  exist  bclirccn  the  physical  quantiiy  in  qiictiioii  and  the 
fctiiiBigntil  unils  ^n  oiled  dirfttit  uniU. 

TbepbfikalquaDiities  which  arc  nio^t  commonly  employeil  »&  Taiula- 
■tfiul  uniu  an  ifaow  of  lcn);ih,  tiulm,  aiwl  time,  altliou^ih  energy  or 
fane  M  •Dmetintes  employed  a»  a  {untUnH-ntal  unit  m  plnce  of  tna». 
In  tilbeT  isuc  it  n  IuuimI  ihut,  wiib  a  few  exception «  vrhich  arc  ptohahly 
(MDcd  by  OUT  i][ti<»ancc  of  ibe  ttuc  nalute  of  ibe  phenomrna  coniiiilcrc'ii, 
od  vbkh  will  \x  rcfcircd  to  Ulrr,  il  i*  pnMible  In  (is  the  ni.igniluilc  of 
iha  nait  to  be  em{ilnycd  in  ibc  ca«c  of  all  nihcr  phy-iical  quantiti(.-s  vhen 
a«  hare  fixed  the  value  of  iheM;  llire«  (undanicnul  iuiil>> 

Aa  examples  of  Kindaineniul  umti  *«  niay  take  the  yard,  vhirli  it 

ine  of  the  Iltutth  itoiwlard  nniu  of  knjjth,  or  the  sccmul,  which  is  the 

Httoflimc    The  sallnn  and  pint,  which  are  used  as  iinitt  of  voluflM, 

hue  BO  eoRsectiaa  with  the  unit  of  Icnxih.     If,  however,  «¥  lake  as  our 

san  the  mlatoe  ol  a  cul>c,  of  which  c»ch  cd^e  is  of  unit  length,  then  there 

■  a  (lii«(.t  cunnvciiun  beivcen  the  unit  of  t oluine,  which  is  in  this  case  a 

dentrd  tmii.  anil  the  tmit  of  IcnijtK  a  fundanwntnl  unit.    A^in,  (he  t'clu- 

niy  with  ■hit'h  lit-ht  Iravcraes  iiMersicllHr  k|ucc  is  somrlimct  takrn  as 

,  ll«  uoii  ti(  velocity  :  this  unit  has  no  ditect  connection  with  the  units  of 

j-lh  aad  titnc-     If  iIm  uiiil  velocity,  however,  iii  dcAncd  as  such  llut 

a  body  travelling  with  this  velocity  pBls^es  over  ibe  unit  (if  ivngih  in  (be 

:  M  time,  then  <*«  have  a  direct  connection  between  these  ihiee  unils, 

I  daa  beiii£  given  tbc  magnitude  of  ihe  two  fundamental  units  of  time 

1  of  kBElh.  we  can  al  once  »ay  what  is  the  unit  of  velocity. 

%.  Absolute  SyfWns  of  Dnlts.— A  system  of  nniis  in  which  crnain 

\  are  ctiuicn  as  fandafncnial,  and  all  the  oihcrs  are  tleriveo  units  con- 

^Mcisil  with  ihe»e  by  fixed  phyacal  relations,  is  called  an  atioIuU  syiltm; 

n%  made  tn  terms  of  these  units  bcinc  s.-iid  to  be  in  absoltite 

Tha  WQrd  absolute  is  lomeiimeit  used  in  a  slighlty  dilTcrcnl  sense, 

I  an  anitthrtis  to  reUiiv'e.    For  example,  if  a  velocity  is  measured 

ffcj  naii|iaiiii|.  it  wiih  wwnc  known  volociiy,  we  are  said  lo  make  a  relative 

^■■■■iinmrni      II,  however,  the  velocity  is  measured  by  delctniinin);  the 

tfcaflh  paaacd  over  by  tlie  body  in  the  unit  of  time — i.t.  if  Ihe  quantities 

we  acujallf  ineasurv  are  ibe  fundamental  (|uanlilies,  length  and  time— 

•«  arr  said  lO  tnake  an  aWiluie  mca-^urcnicnl.      Il   mu»t  be  catefully 

that  ihe  word  absolute  haa  hem  no  lefcrcncc  whatever  lo 

ir  inaccuracy  of  the  wbien-ations. 

The  term  "Bbjohite  s>-itcm  of  unils"  vrai  first  inlrwluccd  b>-  Causs 

\lt;'   'l^  r/innei.l>on  with  hii  nwnsoremenlsiiflhcstreiiittb  of  the  earth's 

•  at  tlflttiiigen.     Inslctd  of  measuring.  a»  had  Wen  done 

i,,.ii  ..  .ir,  this  qnantiiy  CO  tcniis  of  tbc  urcRiitb  of  the  earth's  fieW 

fiseiJ  pUce  (sacb  as  Londoa)  Imktn  as  the  unit,  Gautt  < 
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it  in  terms  of  ihe  units  ot  length,  mass,  and  time,  and  thus  the  value  of 
the  unit  did  not  chanj,'^e  as  (he  strength  of  the  earth's  field  changed  at 
the  standard  place,  as  was  the  case  before. 

There  are  several  absolute  systems  of  units  possible  accoiding  (i) 
to  what  we  take  as  the  fundamental  units,  (2)  to  the  magnitude  we 
adopt  for  the  fundamental  units  chosen,  (3)  -to  the  physical  relation  we 
employ  for  obtaining  the  derived  units  from  the  fundamental  units.  Thus 
we  may  take  as  our  fundamental  units  those  of  length,  mass,  and  time, 
or  of  lengtli,  force,  and  time,  or  of  length,  energy,  and  time,  or  length, 
mass,  and  force,  &c.  &c.  Again,  we  may  take  as  our  unit  of  length  the 
yard,  the  inch,  the  mile,  or  the  metre.  Finally,  it'e  might  define  the  Dnit 
of  volume  as  the  volume  of  a  cube,  each  edge  of  which  is  of  unit  length, 
or  as  the  volume  of  the  sphere  whose  radius  is  of  unit  length. 

With  the  exception  of  the  electrical  units,  it  is  with  reference  to  the 
first  two  of  these  three  possible  modes  of  variation  that  all  practical 
absolute  systems  differ  amongst  themselves.  By  far  the  most  usual 
system  in  all  physical  investigations  is  that  in  which  the  Aindamenlal 
units  arc  those  of  length,  mass,  and  time,  and  in  which  the  unit  of  length 
is  the  centimetre,  (he  unit  of  mass  the  g^ram,  and  the  unit  of  time  the 
second.  This  system  is  referred  to  as  (he  c.f;.s.  {centimetre,  gram,  second) 
system.  This  is  the  system  that  will  be  almost  exclusively  used  in  this 
volume,  though  occasionally,  where  there  arc  other  units  in  common  use, 
ihcy  will  l)e  referred  to,  in  order  to  familiarise  the  reader  with  the  actual 
m;ignitude  of  the  Cf^.s.  units. 

An  absolute  system,  which  till  quits  Intely  was  employed  in  all 
Knglish  Observatories,  and  is  in  fact  still  employed  in  some,  is  that  in 
which  the  unit  of  length  is  ihe  fot,  the  unit  of  mass  the  grain,  and  the 
unit  of  time  the  second.  Again,  the  foot,  the  pound,  and  the  second  are 
sometimes  (chiefly,  let  i(  be  said,  in  (ext-books  on  mechanics,  and  in 
examination  papers^  used  as  the  fundamental  units. 

A  more  important  system  of  absolute  units  is  (hat  in  which  (he  fiinda- 
mental  units  are  those  of  length,  force,  and  time,  for  this  system,  which 
will  be  referred  to  later  as  the  gravitational  system,  is  almost  exclusi\-ely 
used  by  engineers  {iit  uriy  rule  in  this  louiilry). 

Finally,  there  is  the  system,  supported  by  Ostwald,  in  which  the  fnnda- 
mental  units  are  those  of  length,  energy,  and  time. 

S.  Dimensions  of  Derived  Ualts.  — The  relation  by  means  of 
which  we  derive  the  magnitude  of  (he  unit  of  any  quantity,  in  terms  of 
(he  fundamental  units,  is  indicated  by  what  is  cal'ed  (he  dimensions  of  the 
unit  in  qucsti<)n.  The  easiest  way  (o  see  how  this  is  done  will  be  to  con- 
sider some  simple  examples. 

As  has  liecn  sia(cd  in  S  5.  'he  record  of  any  quantity,  say  a  length, 
must  consist  of  two  parts,  a  pure  number  and  a  term  giving  (he  name 
of  the  unit  employed.  Thus  we  may  indicate  any  length  by  ihc  5\-mbol 
l\L\  where  /  r^ptcscius  the   numerical  part  of  the  expression,  i.t.  the 
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number  of  titneii  the  unit  is  contained  in  the  given  length,  and  [/.]  is 
used  as  a  symbol  to  represent  the  unit  of  length  employed.  In  the  same 
way  \_Af]  and  [  7]  represent  the  units  of  mass  and  time  respectively.  The 
unit  of  area  could  be  indicated  by  the  symbol  [J].'/  If,  however,  we  use  an  ■/ 
absolute  system  in  which  the  relation  between  the  unit  of  area  and  that 
of  length  (s  that  the  unit  of  area  is  the  area  of  a  square  of  which  the 
sides  are  each  of  unit  length,  then  we  may  write  the  symbol  for  this  unit 
[Z,./.]  or  [Z.'],  since  the  area  of  a  square  is  numerically  equal  tolhe  square 
of  the  length  of  one  of  the  sides.  It  is  evident  that  if  the  unit  of  length 
be  increased  from  [Z,]  to  [i  +  /-'],  then  the  unit  of  area  will  be  increased 
from  [Lr\  lo  [(L+L'Yl.  Hence  we  may  say  that  the  statement  that  the 
unit  of  area  can  be  represented  by  [/,']  at  once  tells  us  how  a  change  in 
the  fundamental  unit  of  length  aflects  the  derived  unit  of  area.  Since 
the  unit  of  area  would  not  change  if  the  units  of  mass  and  time  were 
changed,  the  relation  between  the  unit  of  area  and  these  units  may  be 
represented  by  {M°]  and  [ 7°].  Hence,  collecting  these  three  symbolical 
statements  into  one,  we  may  say  that  the  unit  of  area  [W]=[i']  [.1/°]  [7°] 
or  [A'\  —  [L.*.^^°.T°.'\.  which  is  inlerpreled  ns  meaning  that  in'the  absolute 
system  we  are  using,  the  unit  of  area  varies  as  the  second  power,  or  ns 
the  square,  of  the  unit  of  length,  but  does  not  vary  with  the  units  of  mass 
and  time.  We  therefore  say  that  the  dimensions  of  the  unit  of  area  with 
reference  to  length,  mass,  and  time  are  2,  o,  o,  or  more  fully,  so  as  to 
leave  no  doubt  as  10  the  order  in  which  we  are  referring  to  the  units, 
[/,'..!/•.  7',].  It  will  be  at  once  evident  that  the  dimension  of  the  unit  of 
volume  arc  [i'..!/".?*.]. 

To  take  another  example,  consider  the  unit  of  velocity,  wliicb  in  our 
absolute  system  is  defined  as  such  that  unit  space  is  passed  over  in  unit 
time.  If  we  double  the  unit  of  length,  keeping  the  unit  of  time  constant, 
wc  shall  evidently  reqi'ire  the  body  to  move  over  twice  the  distance  in 
the  unit  of  time,  i.e.  we  shall  double  the  unit  of  velocity  ;  therefore  the 
unit  of  velocity  [F]  has  the  dimensions  i  with  reference  (o  the  unit  of 
length.  Again,  if  we  double  the  unit  of  lime,  wc  allow  the  body  twice  as 
long  lo  cover  the  unit  of  length,  supposed  to  remain  consiani,  .ind  tht-rc- 
fore  we  halve  the  unit  of  velocity.  Hence  the  dimensions  of  velocity  with 
reference  to  time  are  —  i.    This  is  an  abbreviation  for 


[y  -[/•-]. 


As  the  unit  of  velocity  does  not  depend  011  the  unit  of  mass,  its  ditnen- 
sions  must  therefore  be  \_/}.M°.T  '.]. 

10.  Dimensional  Equations,— Hquaiions  such  as 

[.-J ]- [/.=. J/°.  7°.]  or  [ r]  =  [/.'..I/". T  '.  1, 

which  tell  us  the  relation  bctivcen  the  derived  unit  and  the  fundaiiicnial 
units  of  a  system,  arc  called  ilimensioiMl  eqwiliuns.    They  aic  of  utility  in 
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two  ways— (i)  as  affording  a  means  by  which  we  can  convert  the  magni- 
tude of  any  physical  quantity  expressed  in  terms  of  the  units  belonging 
to  one  absolute  system  into  those  of  any  other  absolute  system  ;  (2)  tbey 
afford  a  check  on  the  accuracy  of  the  line  of  reasoning  by  means  of  which 
we  have  deduced  an  equation  connecting  any  physical  quantities.  Since 
it  is  impossible  to  compare  two  physical  quantities  which  are  not  of  the 
same  kind,  it  follows  that  the  dimensions  of  the  two  sides  of  any  equation 
connecting  physical  quantities  must  be  the  sam&  Thus,  suppose  we  had 
come  10  the  conclusion  that  the  volume  c  of  water,  which  passes  any 
point  of  a  river  during  the  time/,  was  given  in  terms  of  the  area  of  cross- 
section  It  of  the  river,  and  the  velocity  v  by  the  equation 

c=-v'at    .     .     .     (1). 

Substituting  for  c,  v,  a,  I,  the  full  expressions  in  which  the  values  of  the 
units  appear,  we  get 

Then  when  each  of  (he  quantities  .;,  v,  a,  and  /  ate  unity,  we  get  the 
dimensional  equation 

Substituting  on  each  side  of  this  equation  in  terms  of  the  fundamental 
units,  we  get  [L^=[L^7-^[L^][r\ 

=[i*r-']. 

Here  the  dimensions  on  the  two  sides  are  different,  and  hence  we  con- 
clude that  the  assumption  made  in  equation  ([)  is  incorrect.  As  a 
matter  of  fact,  the  correct  eqimtion  is 

C=Vll/, 

and  this  gives  the  dimensional  equation 

in  which  the  dimensions  on  the  two  sides  are  the  same.  As  an  example 
of  the  use  of  dimensions  for  changing  from  one  system  of  units  to  an- 
other, suppose  it  is  required  to  convert  a  velocity  of  .r  miles  per  hour 
into  feet  fter  second.  Here  we  have  two  units  of  length,  the  mile  and  the 
fool ;  let  us  represent  them  by  [Z.]  and  [/.']  respectively  ;  in  the  same  way 
lake  [  r]  and  [  7'']  to  represent  an  hour  and  a  second.  Uy  is  the  numeric 
which  expresses  the  velocity  in  feet  per  second,  we  must  have,  since  the 
actual  value  of  the  velocity  remains  the  same  whatever  units  we  may 
employ  in  which  to  measure  it — 

.r[ir-']=/[£'.r->.] 

This  shows  that  to  obtain  j-,  the  value  of  the  velocity  expressed  in  feet 


■1 


Units  tf  LtHpk 


,a  iKtaaA,  we  muti  multiply  ibe  number  which  cxprcuct  ilic  velocity  in 
iomaf  niiles  and  boon  by  tb*  miioof  ibe  mik  to  the  Cuol^—J  and  b>- 

ibe  niio  of  ibe  seoood  In  (be  bour  (  w  )  - 

Heacc  «— j-x"--x^L, 

I        3600 

Tbc  fttnber  diacuttsion  ol  dininutons  will  be  poaiponcd  lilt  Inicr, 
ta  n  (irrlcT  ihai  (lie  ruder  may  gniliMlly  familiarity  himself  with  the 
ftracDaiaas  of  difTcrciit  phj-^toil  quan(i(ie>,  lite  dimcn>ioiu  of  each  <|iian- 
tiTf  win  be  s^i-cn  \\  the  place  wber«  ihii  <|unnti(y  i»  under  diteuMion. 

IL  DnltS  of  Lengtb. — There  are  in  Cirent    Briinin  (wo  siandardj 

It  of  Ipngih— (he  yard  and  (be  metre.  The  >-anl  ii  defined  by  Ac 
'^jmcnt'  as  followt :  "The  sirai);!)!  line  or  distance  between  the 
>A  the  tnuis^'cric  )inrs  in  tb.'  iwo  ^old  plugs  in  the  bionie  Uir 
Ocjutiwd  ia  ih*  OAiec  of  (he  Exciieijuer*  shall  be  the  genuine  sianda 
jaid  At  6]'  F.,  and  if  loM  i(  shall  be  replaced  by  incan>  of  it%  ropies." 
CopKS  of  the  standard  yard  arv  ili^poiited  a(  ibe  Koyal  Mini,  the  Koynl 
SooMy  xi  LiMukio,  tbe  Koyal  Ut»en*atory  at  (ireenwicli,  and  llic  lloiiscs 
rf  Pai  fiantrni. 

The  MiiMd  standard  unh  of  Icnf^i  in  C(«at  Ilritaln'  \%  the  metre. 
Hk  ttietn  owea  tis  origin  (o  a  law  of  tbe  French  Kopub)i<:,i  which 

macted  thai  the  unit  of  leni^h  should  lie  one  tcn-millian(h  (  -  . )  nf  ihe 

diMance  between  ibe  North  I'ole  and  the  Equator,  measured  over  ihe 
*at*^r^  at  the  canh  along  the  meridian  passintf  ihimigh  t'aris.  The  mea- 
•naneiK  of  the  arc  of  this  meridian  between  Barrelona  and  Dunkirk 
wmi  canied  out  by  Dclambre  and  Mechnin,  and  fiom  their  rcuilis  Ilorda 
ouoawoaed  ibe  siuidwd  metre  to  fulfil  the  abmc  delinitiun.  Tlie  metre 
m  now,  facrwever,  OM  d«fin*d  aa  the  icn-millionlh  of  tliv  tjuadrani  o(  the 
■icridiaii,  but  as  tlw  dUtance  between  ihc  ends  of  Borda's  ptatiiiuni  tod 
JU  a  leinpcraturc  trf  O^  C.  If  this  were  ivM  so,  esich  time  a  mure  aCi'U- 
tali  nca<iureiTwnt  of  the  earth's  diraenunni  uas  made,  all  the  tupie?  uf 
tlw  awtrr  in  ifenctal  uic  woitld  have  lo  \x  aliercd.  Since  the  unit  of 
kni'ib  IS  a  funitMiTienlal  unit,  we  arc  able  (i>  keep  it  unaltered.  If,  how,- 
ever,  it  had  ivM  been  a  fundamental  iinil,  it  would  have  hern  nccesun.' 
M  alter  its  valoe  each  time  a  more  accurate  deiemiinaiion  wai  ni-nde  oi 
H.  qa  wtm*  of  the  fitndaiaental  units.  Tbe  incui>venien«  whitli  may  thui 
will  be  no^ced  when  we  come  In  tbe  oonsidcration  of  the  electrical 
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units.    According  to  the  l>esi  modem  measuremenls,  the  lengi 
earth's  quadrant  is  io^ooo,S8o  metres. 

The  relation  between  the  metre  and  the  yard  is 


< 


I  metre =39. 37079  inches=  1.093633  yards,  \ 
(  yard  =  0.9143935  metres.  | 


Although,  looked  at  simply  as  a  standard  unit  of  length,  the  metn 
in  any  way  preferable  to  the  yard,  yet,  on  account  of  the  fact  tl 
multiples  and  sub-multiples  of  the  metre  are  all  decimally  connect! 
the  metre,  it  is  very  much  more  convenient  to  use  the  metre 
standard. 

A  metre  (m.)  is  divided  into  ten  decimetres  (dm,),  adecimetre  ii 
centimetres  (cm.),  and  a  centimetre  into  ten  millimetres  (mm.).  Th 
multiple  of  the  metre  practically  employed  is  the  kilometre,  wfc 
equal  to  one  thousand  metres,  and  Is  the  unit  adopted  on  the  Con 
for  stating  such  distances  as  we  should  stale  in  miles.  The  re 
between  the  mile  and  (he  kilometre  is  1  kilometre  =  a6it4  mi 
1  mile  =  i.6o93  kilometres.  '  "' " — " 

For  scienlilic  purposes  the  centimetre  is,  in  accordance  witl 
recommendations  of  a  Committee  of  the  British  Association,  a] 
exclusively  used  as  the  unit  of  length. 

For  measuring  very  small  lengths  the  following  fractions  of  a'l 
metre  are  often   employed: — The  micron,   equal  to  a  thousandth 
millimetre  (o.ooi  mm,),  and  the  micro  millimetre,  equal  to  a  milliont 
a  millimetre  (o.oooooi  mm,  or  lo""  mm.).     The  micron  is  often  indie 
by  the  symbol  )i,  and  a  mieromillimetre  by  jifi. 

It  is  sometimes  useful  to  remember  that  the  diameter  of  a  halfpe 
is  I  inch,  and  that  of  a  French  dixcentime  piece  is  3  centimetres ;  1 
I  inch  =  2S,4  millimetres  (very  nearly).    \ 

The  following  tables  will  be  found  of  use  in  converting  from 
British  to  the  metric  system,  and  vice  versa  .■— 


British  10  Metric 

lnches=CenlimctTCS. 

Keet = Centimetres. 

Yards = Metres. 

1=    2.5400 

1=   30.479 

1=0.91438 

3=    5.0800 

2=   60.959 

2  =  1.82877 

3=    7.6199 

3=   91-438 

3  =  2.74315 

4=10.1598 

4=121.918 

4  =  3.65753 

5  =  12.6998 

5  =  1  52.397 

5  =  4-57192 

6=15.2397 

6=  182.876 

6=5.48630 

7  =  17.7797 

7  =  2I3.356 

7  =  6.40068 

8  =  20.3196 

8  =  243.835 

8  =  7-3 '507 

9-21.8596 

9-274.315 

9=8.22945 

Iw) 
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II 
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Cii«iBwaij»  Incfcafc 

Cmunetrs'  Fed. 

M«M>=VMdi. 

1-   -39571 

1^.033809 

I-  1.09563 

!•  .78743 

3  =  .o6s6l8 

3-»  1.18737 

3— l.iSliJ 

3=«984a7 

.      3-3.28ogo 

4-(.S74<3 

4=. 131136 

4-4-574S3 

5*196854 
6  — 3.36JJS 

7-i.7Si^ 

S-. 164045 
6-.1968S4 
7 -.239663 

(-5.46817 
6-6.S6180 
7-7-65i41 
8-S.74906 

8-3.14966 

8  •-,161475 

9-3-S43J7 

9 -.19518 1 

9-9.84170 

12.  Dntts  or  Msss.— The  iiiuuhn)  unils  nf  man  in  Grmi   ttniiiin 
tbc  pouitd.  which  it  ihc  nnii  in  the  Ttrilish  sysicm,  nnd  ihc  kilogram, 

.  is  the  ui-it  in  Ihc  metric  sysicm. 
The  staodan)  pound  avoirdupois  b  the  masi  of  a  cenoin  picire  of 
I  which  b  mrked  "  K  S.,  1941,  1  lU,"  and  ti  kept  at  the  Mm« 
tbc  Mamlanl  ynxA.    The  ifrain,  which  h.u  tic«n  used  as  the 
of  nau  in  the  old  Britbh  absolute  system  of  units,  it  one  Kvcn- 
Ifeannukhli  pom  oftlK-  pound. 

Thv  Idkignun  t*  the  ma»  of  n  nrinln  Tump  of  ptaiinum  whirli  is  prc- 
■Biisd  U  Pan*,  and  is  called  ihc  "  KitoKmm  <lr«  Ari'hhcs.''  1'hc  kilo- 
snm  was  or^rinnlly  uMinttiricd  by  llQrdii,  to  rcprcvni  the  innM  of  a 
(■Uc  decinmni.  thai  n  iooq_c.c.  ofwatei  al^C.,  the  leitipeniiuic  of 
mMoxaam  ilffiaity.  More  ie(«ei  nieaiuieni«uii  ^w.  however,  shovn 
dot  it  liae*  nor  eiactly  ftilfi)  ihii  definition  (tee  |!  146X 

Tbe  f.jf  iJ-  unit  of  mau  ix  one  thouxaiMlth  of  the  kitnj^m,  and  is  called 
the  (nun.  A  ihouundih  «f  the  fcram  ts  called  the  milligTam.  Tlie 
fcBowing  are  the  tisqal  abbreviations  tis<cd  to  rcprei«nl  the  varinun  units 
y~  potHtd,  lb.  ;  kilosnun,  kikt.  ;  |,'nun,  gnn.  :  mi1li);;Tiiin,  m^nn. 
^Unirrafn  is  equal  to  1.10461125  lb*,  or  i}43:- 34^74  IC^ins  and  a 
\  \\  e>p(.-|l  to  0.4535916;  kilos,  j 

(nlionint:  tables  trill  be  found  of  use  for  oonvcninK  from  the 
.  u>  the  tnrtric  vtWan,  and  vAv  vtruti — 
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KUOKra-u. 


•  -<M53S9 
2— a907'9 
3-1.36078 
4  -  I.B1437 
S-11A796 
6-3.7319^ 
7-3'7|ii 

9.4^13J 


Ounon  sGrmim. 


I-   38.349s 

3-  SS.aj86 
i-iij.3981 
S- 141.7477 
6— i7(xaQ7] 
7-19M468 
8-3*617963 

p-3ii.i4$9 


I-  64.7989s 
»- 139.59790 
3-194-39685 
4'-3S9Ll9f8o 
S-3a3-9W7S 
6-3W-79370 
7-4SJS93''5 
8-518.39160 
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Mdric  ID  Hrliuh.                                    | 

Kila(^Btnii = Poundi. 

riraniisGMini. 

1=   2.20463 

1=    rs.43J3S 

J=   4-40914 

3=   30.86470 

3-»  6.61386 
4*  &81849 

3=   46.2970s 

4=   61.72939 

6=13.31773 

5=   77.16174 
6=   92.59409 

7=I5-43»3S 

7=108.01644 

8=17.63697 

8=123.45879 

9=19.84159 

9=138.89114 

i 


13.  Units  of  Tims.— The  sclcniillc  unit  of  time,  both  in  ihcT 
and  ihc  iiieiric  tysteni,  is  ihc  mean  solar  second.  The  mean  soUir  ( 
i«  one  86,40Oih  pint  of  a  mean  solar  day.  The  iiicjio  solar  day 
average  interval  which  cInp&cE  liciweeii  successive  tr.iiisils  of  ill 
across  (he  iticridian  4t  any  place  during  a  whole  year. 

Oivinj;  tn  the  cxcenlricity  of  the  ennh's  orhil,  and  the  ftict  th 
earth's  axis  is  not  perpendicular  10  ihe  plane  of  ihc  orbit,  the  in' 
between  Iwo  successive  transits  taiies  diiriitg  the  year,  so  ihai  the s 
solar  day  ii  not  the  tame  ;u  the  tncin  lular  duy. 

If  a  clock  kcep!i  mean  time  and  agrees  with  solar  lime,  that  is 
such   a*  would   he   indicated   by  a  sundial,   whi^n   the  sun  a|>pcaJ 
thai  portion  of  ihc  heavens  known  as  the  first  point  of  Aries,  then 
difference  lielwcen  ihe  time  of  noon  as  indicated  hy  this  clock,  and 
time  when  the  sun  crosses  ilie  meridian  on  any  day,  is  called  the  etjua 
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uf  time  at  noon  for  that  day.  'I'he  curve  in  Fi|;.  I  give*  the  equation 
time  for  the  year.  When  the  oirvc  is  above  the  axis  OX  the  cqiiaiii 
of  lime  is  pogilive,  that  i^  the  time  as  shown  hy  a  mcanlimc  <\a 
uill  be  ahead  of  the  transit  of  the  sun  by  the  Amount  shown  by  1 
OTxIinale. 

)l  will  be  seen  that  the  equation  of  time  is  lero,  that  is,  tlie  tii 
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u  larfifatgd  b]r  a  me&n-tiBM  clock  jumI  ihe  tun  will  bo  the  s>nie 
AfrO  rj,  June   1^   AuKQtil  31,  and  DccPtnbrr  jj.     On  Fcbniiirj-  11  the 
■eimiim   cJcM-k   \%   14  mtnuto  :!9  leconds  nhciul  of  <he  Mn,  nhik  mi 
'iiiiiwlmi  I  11  IS  t6  minutes  20  tecondi  behind  ihe  sun.  ^H 

Hk  noh  oT  time  lued  in  oMmnocny  i»  the  sidereal  day.  Tbi«  rept»^| 
■Ks  llw  interval  between  two  cOAMirulive  trxnMIs  of  one  uf  the  fixed 
On  aouai  the  mcritlian.  .Siiti^  the  distant*  bel«-een  ihc  earth  and 
n;  c^  the  fixed  atnis  ift  very  grcnt,  compared  cv-en  nith  the  diameter 
rftW  eirth'*  orbit,  lh«  line  joining  lite  earth  to  tnch  a  tttir  rcnuiiiii 
tfmft  ptraltel  10  ibtclf.  l-icncc  the  sidemi  day  repmwnts  the  time 
tkc  onh  tjikc«  lo  make  one  complete  roUition  about  Its  axt».  A. 
■dmal  day  is  equal  to  2}  hours  56  minuicx  4.09  seconds  of  ii>c: 
■iartiiae. 

The  twe  rtf  th«    rotation  of  the  «)inh  as  a  measurer  of  tiine  i«  m 

ndnm  obievitiafi.  for  there  cAn  be  nn  dotihi  that  llte  mean  loUr  day  ii 

fainiXlj  jETowinK  luntfer,  due  to  ihc  s'oHinK  down  of  thi^  rotation  of  ibc 

tank,    tn  order  to  remove  this  objection,  it  bai  been  prapnicd  to  use 

I  ttelrnieuf  vibrslion  of  the  atom  uTuime  element,  lucb  an  vidiiini,  as  tlie 

Nl  of  time,  for  undi^r  definite  coadiltaos  it  appears  ai  if  this  time  ivcre 

M  fiaed  and  urutticmble- 

Mt.  Doits  of  Angular  Heasurvment-The  ofdiniir>-  unit  adopted 
Iff  ncutuing  anjjle*  it  ihe  degree  :  90  dcgrcei  bciii^  e«|unl  to  a  right 
imk.  Ml  that  3fto  decrees  correspond  to  a  rcmtpleie  rotation.  Each 
4<gTW  ii  d<^*>de«l  into  60  minnte*,  and  cncb  minute  into  60  secondiL 
fifSivea,  minutes,  and  accondt  of  arc  ate  indicated  by  the  sy^btds  *, ', 
mA  '  tespcvtively, 

AsMher  unit  "f  ar)S^>  which  ■»  frequently  cmploj-ed,  is  called  the 
nrf'iii.  and  i»  sudi  I  hat  if  an  arc  of  the  circumference  of  a  circle  is 
tyxa  n|nal  in  Ictitfih  lo  llie  r^uliiu  of  the  circle,  then  tht*  art  o-til 
«kEBd  aa  angle  at  Ihe  centre  which  is  e(|ual  to  on«  radian.  Wlien 
iIk  twfian  M  nacd  as  the  tmit,  the  angle  is  said  to  be  me.-uurcd  in 
I  (imtibr  Htntisivrr. 

IT  we  have  nn  arc  ofa  circle,  of  which  the  lengtfa  it  i,  then  the  anglo 
at  lli<^  centre  of  lli«  circle  b>'  thb  arc  is  equal  to  a.r  Indians, 
F«hEn  T  f»  tht^  mdius  of  the  circle.  Wlien  a»r  this  of  course  reduces  to 
^  raitiao  acciirdiQ);  to  the  definition. 
1^  .Since  the  l«nK<li  o^  the  an-uinfcfence  of  a  circle  uf  radius  r  is  i«r, 
Hflnt  «K  will  4ubtEitd  i*r  r  or  »  radians  at  the  centre.  But  the  aiigk 
^^^^^^^  at  the  ccBtrc  by  tite  whok  circnmlereiKe  n  560*.     Hence 

r 


3ir  radians— 36c^. 
I  radian     —jfto'.'air. 

-!7'i7*«".8S, 
/  dyne  -CUII7J5J  radiuu. 
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If  AB  (Fig.  z)  is  an  arc  of  a.  circle  of  radius  r,  described  al 

point  O  as  centre,  then    the   a 
subtended   by  this  arc  at   the 
is  equal  to  AB/r  radians.     If  fro 
draw  BC  perpendicular  lo  OA,  il 
following  trigonometrical  rclatioi 
good  J — 

ff  (in  circular  measure)  ^ABjr. 
Sin  e  =  BCI OB  =BU!r. 
Cos  e=OCjOB_^OCjr. 
TiLne=BClOC. 

Now,  if  the  angle  6  is  very  small,  the  length  of  the  arc  AB  » 
very  nearly  the  same  as  that  of  the  perpendicular  BC,  while  OC  w 
very  nearly  equal  to  UB  or  r.  Hence,  when  &  is  very  small,  tho  a 
relations  reduce  to— 

e=^A_B!r. 
Sin  e=ABIr. 
Cosfl=r/f-=t. 
Tan  &=  ABjOA  =  IS/r. 

Hence  for  small  values  of  0  we  have — 

Sin  e  =  lan  0  =  0, 

where  6  is  measured  in  radians,  and 

Cosfl=I. 

The  closeness  with  which  these  relations  are  true  for  dilTerent  sm 
values  of  0  will  be  evident  from  the  following  table  : — 


$ 

In  Degrees. 

9 
In  Radians 

Snfl, 

Tan#. 

Cos*. 

I 

o= 

0 

0 

0 

o°  30' 

0,00873 

0,00873 

0.00873 

0.99996 

1" 

0,01745 

0.01745 

0.01746 

0.99985 

2' 

0.03491 

0.03490 

0.03492 

0.99939 

3° 

0.05336 

0.05234 

005241 

0.99863 

4 

0.069S1 

0.06976 

0.06993 

0.99756 

5° 

0.08727 

cv  08716 

0.08749 

0.99619 

1  Reailfrs  unfamiliar  with  the  elemenl'i  cif  Iris"nometry  may  tal;c  these  relnlionpi  ai 
de/lning  ilie  quanlities— Ihe  sine  of  the  nngle  0  (wrincn  sin  6),  the  cosine  of*  (cos  fl), 
and  the  tangent  of  B  (tan  9). 
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:  idatiaiiswQI  be  found  of  coDMdcmblentilitjri  for  by  their  means 
■e  m  ablc^  wbe»e*ef  we  am  dealing  with  Rnall  kngies,  to  considerably 
fjta^BSf  manj  expresaiona  invohring  these  fiinctions  tf  the  angle. 

Since  nn  angle  is  measoTcd,  in  circnlar  measure,  by  the  ratio  of  the 
kagtii  of  the  nrc  («)  to  the  radius  (r),  we  have,  if  [Q  is  taken  to  t^>rcaent 
Ak  diwnetwions  of  the  unit  ang^  the  relative 

- 1. 

Thus  an  ai^le  has  dimensions  mo  with  reference  to  all  the  Inndamental 
units.  As  the  dimensioDs  of  any  quantity  cannot  depend  on  the  abMhite 
nine  of  tbc  unit  nsed  to  measure  it,  it  fc^ows  Aat  an  angle^  when 
meisuittd  hi  degrees,  is  also  of  vtm  dimenrions  with  reference  to  the 
Jaodameiiixl.anits  of  length,  mass,  and  time. 


I 
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CHAPTER  III 
UBASURBMBNT  OP  LBNGTU 


t5,  Importanoe  or  Len^^h  Heasuremflnts.— In  tliein«isu 

of  twarly  a.11  phyaital  <]ua,milifa,  wliat  wc  actually  obsfrtr  U  tlie  i 
smnii  Icnglh  la  soine  ollitr  length.     Thus  when  wo  nl^aaurl;  the  pi 
oi  the  altnoiphcn;  wiib   a   mercury  Irarumclcr,  what  wc   really  o 
and  mcnturc  is  the  Icnglh  nf  ^  rolmnii  nf  nicr<;uiy;  the  lamc  siai 
Applict  to  llic  mcasuicmcnt  of  a  Iciiipcratiirc  with  a  mercurial  th 
ineKr ;  m  abo,  when  wc  use  a  »priiijif  balanci;  to  measure  a  mau 
the  movcineiit  of  a  pointer  alont;  a  scale  that  is  observed.     I 
we  lee  the  importance  of  bcinj;  able  to  make  accurate  measure) 
of  knijih. 

With  an  onlinarj-  icalc  divided  into  ttnllis  of  an  i'lcli  ii  is  pos 
with  a  little  rare  and  practice,  to  mea.turc  hy  eye  a  length,  which  i! 
(ftwiter  than  that  of  the  scale,  to  within  one  hnmlredih  of  an  inch. 
li  (lone  by  mentally  supposing  each  of  ihn  tenth*  of  an  inch  Mibdiv 
into  ten  equul  parl'^  i.f.  into  htmdrcdths  of  an  inch,  and  cslimatinti 
eye  by  how  many  of  these  inia^inar)-  liundrvdili   of  an   inch  divisi 
the  lenglli  exceeds  Hit-  nearest  number  of  whole  tlivisions.     In  the  M 
way,  with  a  stale  divided  into  millimetres,  it  is  possible  to  read  to  ten 
of  a  millimetre.     In  order  to  attain  tn  a  degree  of  accuracy  much  igtva, 
than  the  above  it  is  neccisatj-  to  adopt  some  incrhunical  means  of  si 
dividing   the  divisions,   for  merely  malting:   the   divisions   of  the   sa 
nearer  tojjcthcr  docs   not   adv.ince   matters  much   if  we   trust   to  a 
judgment  and  eye  alone,  even  if  a  ma^-tiifviny  glass  is  used.    Of  sui 
niechiinical  contrivances  the  most  commoniy  emp'oyed  are  the  venii< 
and  tlic  mittomelcr  screw. 

16.  The  V em lep.— Suppose  .\ri.  Fig.  3,  is  a  scale  divided  into  equi 
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1     1  1 

0 
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III' 

1        1 
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tVi,  > 

E      ^     C 
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pans,  and  that  tbe  end  n  of  some  object  (CD),  tlie  leiif|!lh  of  which  »  10 
be  measured,  lies  between  the  fotirih  and  fifth  divisions,  and  lliat  w« 


lt<I 


The  Vernier 


17 


[  aqve  m  nnd  the  fra<-iian  (r)  nf  a  di«i§ion  by  nliich  ihc  Icnph  of  CD 

aaris  Inar  divisiofM  of  the  tc<i1<%      If  a  block  t>Ei  of  such  a  li^Dgih  tbnt 

I  blocks  placed  m<i  lo  end  would  he  equal  lu  iilae  diviiioii!!  of 

((O*.  the  Imgtii  ufeacl)  block  is  -^  or  osf  of  a  diviuun), '»  pUced 

:  end  of  CO.  then  Um;  end  (E)  of  tlriii  blotk  will  eviilenlly  project 

I  the  fifth  divtiiun  liy  an  amount  (r—  fn)  of  a  divUion,  lincc  iiK  b 

i  iliratan.     If  a  second  block  BP  ii  plnccd  nt  tlic  end  nf  the  first, 

I r  will  exceed  the  fixth  dK-monof  tbc  tcale  b\-an  amount  (■r— f^) 

I  dnrnna.      In  tlie  %tme  way  the  end  of  a  third  block  wmild  (nnjcct 

fkyvarf  iJw  tcvmTh   division  of  the  sraJe  bj-  .in  nmoiini  (1-,^)  of  a 

I  ikriBon,  Mill  to  €>n.      It   will  be  •ccn.  Ivoucvcr,  tbnt  the  end  C  of  iIm; 

lAinl  lilnck  eKanljr  rotncidcs  with  the  t^wnlh  divivon  of  ibc  fcaki  m 

■Hb  tbr  aiDoutit  by  which  it  pra^ts  is  *ero.     Hence 

fu,  ihr  tcnf,-tb  of  CD  is  4,\  or  4.3  diviiioiu  of  tbe  scnte.     We  notice 

if  uch  of  tbe  blocki  is  i^ibt  of  a  diviMun  in  lenglb.  the  n)>JRCt 

*lft  fmit  divihion*  liy  ai  many  tcnitu  of  n  division  at  il  is  nrcrs- 

_   'Mid  blocks,  till  ihc  end  of  the  km  block  just  cfMnridfK  with  one  ol 

>  dtviitntts  of  the  »cillc. 

ti  wis  be  found  ihiit  the  abos-e  relation  between  the  number  of  the 
I  tad  the  eict.-s»  >'r)  h  quite  )|,-ei>cral,  and  h  ii  utrtiM^d  to  mechanically 
irfaCiiiJi.  ibe  smallest  diviikms  »f  a  scate.  Instead  rif  having'  a  itittnber 
«f  separatE  blocks,  it  ii  more  convenient  to  have  a  sniall  auxiliary-  scale, 
olkd  a  vernier,  which  can  slide  alonj;  the  edge  or  llie  chief  scale,  and  b 
Gilded  •»  that  ten  divisions  of  the  vernier  are  e^iail  to  nine  divisions  of 
iIm  ft^e.  In  this  case  we  set  the  end  of  the  vernier  against  the  end  of 
ll»  oA^oci.  and  look  abuit; 
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iB  ««  cDBM  to  Ik  ;  divi 
wim  of  tbe  vernier  which 
TTr-T-*—  with  ODc  of  tbe 
*iiiiani  of  the  scale. 
ihr  r:ue  shown  in 
fig  4,  this  nccurs  at  the 

lib  division  of  the  vernier,  and  hence  the  object  Is  4,^  or  4,7 
a*  in  lerifph. 
We  tnay  |,>cticr>)iK  and  say  tliai  if  m  divisions  of  the  femier  are 
eifiad  in  leiq(th  10  m  -  i  diviimns  ul  the  scale,  and  coincidence  occurs  at 
IW  Mlh  di»i»iiin  of  ll»c  vernier,  then  the  reading  of  the  vernier,  «>.  ibe 
leaner  bets>e«n  the  rrro  line  nf  tbe  vernier  and  ttic  jirecedine  <lirision 

Use  9cah%  is   — ihs  ofa  division  at  the  scale,    llias  if  ibe  scale  is 

■it  into  mTllintetrei.  jottirhifuuaf'he  vernier  UeiDK  cqiuil  to  Vi  mnt^ 
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anil  coincidence uccurred  at  the  i;tli  dimion  uf  the  vernier,  the  rea< 
Mould  lie  .ij  mm, 

Wtniert  nti:  lomeliine*  nonsltucicd  so  that  m  divUionx  of  the 
nicr  ntc  cquni  to  m  -I-  :  iliviitDnx  of  ihc  scnlc.  For  iiitiance,  «up| 
Icn  divisions  of  itic  vcrott-r  arc  n|tia1  to  clei-cn  divisions  of  ibc  m 
Tlien,  liy  an  ai):<»"*'>it  cxacily  similar  ii>  iliat  adojiicd  aliovo,  it  is  ei'ii 
ihm  i(  ilic  i.'tli  division  of  ilie  vernier,  couniint;  «s  lif'oie  ftom  ilie 
nfxi  ttie  objtci  wliich  i«  \xm<g  mvasured,  coincides  n-ith  a  division  of 
scale,  we  liavc 


T+"=i  division, 
j.„?SrL?  of  .1  division. 

lO 


4 


But  lo-w  is  tlie  nuinlx-'r  of  divisions  of  ilio  t-cniier  between  the 
incidence  and  the  enil  mnoie  from  ihc  object.  Hence  if  the  vernit 
iiumljercd  in  the  reverse  direction  lo  that  in  which  the  scale  i»  numbc 
the  ruidmg  on  the  vernier  will  give  directly  in  tenths  (lie  fcnciion  < 
diviiinn.  The  advantnge  <if  this  ibrm  of  vernier  i«  that  ii  is  a  little  IT 
open,  i.f.  the  divisions  aic  further  apart,  thnn  in  the  oilier  form. 

17.  The  HicromeMr  Scr«w.— If  a  screw  ii  loimed  through  a  c 
pltie  turn  iis  poiiil  will  iimvt,  with  reference  lo  tlie  nut,  throiig 
distanccequ.il  m  the  pilcli  of  the  icrcw,  i.e.  to  the  distance  between 
consfcuiive  ihrendi.  liy  inakinj^  the  pitch  of  a  screw  small,  and  \ 
allnchinif  n  dnim-sh^tprd  head  of  coniidcntblc  diameter  which  is  divi 
into  a  numlier  uf  eijuul  parts,  so  that  ^  fcaction  of  a  rotation  can  be  n 
it  is  possible  to  rtitaiure  with  jficsii  ncturacy  the  distarice  moved  oi-et 
the  point  of  the  screw.  For  example,  in  the  VVhitwortli  itieasurin};  tnacl 
ihc  pilch  of  the  screw  is  ^  inch,  so  that  the-  point  of  the  screw  advan 
1^  of  an  inch  for  each  whole  turn.  Tlie  he^d  attached  in  the  scici 
divided  into  500  equal  pans.  Hence  one  division  011  ihc  head  Co 
Sponds  to  a  movement  of  ihc  end  of  the  screw  of  jJu  of  g^  or  l/io, 
inch. 

18.  The  Sci^W-Gauge.— An  example  of  a  case  where  a  nucrami 
F  screw  is  used  to  measure  a  lengt! 

affor<lcd  by  the  seiew-jpiuge  sJit 
in  Fig.  5.  The  object  to  be  ir 
stircd  is  pl.iceii  between  the  en< 
the  screw  ^  and  the  block  11,  wli 
is  conrietted  bya  strong  curved  i 
with  the  nut  in  whicli  the  sci 
works.  The  nunibcr  of  whole  m 
P^j.  mailebythcscrcwisteadbymc 

of  a  scale,  f.,  attached  to  the  t 
which  is  gradually  iincovetcd  by  the  niovemcDi  of  the  tai>,  <;,  atiaclicc 
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tbc  screw.  Tbe  fracttons  ofa  turn  are  read  off  on  a  icalc,  i',  on  ihe  c<lg(! 
nfthis  eapL  Th«  pitch  of  ihe  Krew  ordioiirily  miployc<l  isa;  tniiL,  and 
Ihe  edtic  of  lite  cap  L*  divided  inio  SO  pnrt*.  Hcnte  as  luming  tlie  loew 
^tfaroufh  a  whole  lum  or  %o  diviiions  jidvani:et  iIm-  point  A  by  <x$  nun., 
:  ^vision  nn  ibc  scale  T  corretpoadx  lu  a  moliun  of  tlie  point  of  1/50 
ra;  mm.  or  a.ot  mm. 

IS.  Th«  Comparator.— For  comparing  logcihcr  twn  very  nearl)- 
■{lul  tenths.  ■».  fitr  insuni^,  a  ainndatd  iiMire  wiih  a  ropy,  an  iiiitra- 
aenl  i:nllnl  u  cornpatator  i>>  uted.   Tlie  principle  on  which  lliis  initiument 
o-iM  be  seen  fnnn  Fig.  6.     Two  stone  [Hlliira,  A  and  n,  wliich  ate 
ily  crabedited  in  tlie  KitMind.  carr>'  t"o  micfoitwpeii,  c  juid  [■,     The 
cTOM  wtru  of  ibese  microtcopes,  ia^icatt  of  \k\ds  fixed,  can  be  mm-cd 
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■null  di«anc«  m  the  direction  of  ihe  line  joinin):  ihp  pillan 
aTinkmincter  ktcwi,  \.,  which  lui>c  divided  Iteadi.     The  iwo 
1%  to  br  cnmpatcd  are  Mipponcd  on  a  carriaxe  lunnin;-  on  iwo  railt 
it  Ivlwecn  ihe  pillais,  so  that  fim  one  bar  and  then  ihe  ciiber  can  be 
:ln  OMleineath  the  Riii-nncoiiri.     In  order  to  keep  the  bars  at  a 
«nn«tani  umperantre,  they  aie  immersed  in  a  water  b*lh. 

When  usinjc  this  iniinimeDt  one  bnr  it  broujibl  beneath  the  miCTO- 
Knp*«,  and  the  crow  wire*  ate  adjuitetl  till  thej-  eianly  coincide  uiih 
the  inujpi  nfthet^Mon  lines  oo  the  bar.  The  other  bar  is  then  sub- 
atinacd,  and  the  Rumber  of  tuntt  and  fracttoof  uf  a  turn  oi  ilie  micronicter 
iM«MaJ7  to  bring  the  crvu  wire*  into  troincidencc  wtlh  tlic  ima);e 
Ibc  dirision  Iiiks  is  noted.  I'relitniivaiy  cxpcrimcnis  are  made  to 
the  mafniScatinn  of  the  microscoipei  and  ihc  pilrh  of  ibc 
r  sen;**,  so  that  from  the  number  of  revoluliorts  the  diArrcnre 
Intfth  of  the  two  bar*  can  be  cnicTiUtrd.  In  the  iiistniiiM-tii  in  um 
the  RaniJitrd  mrtrvi  ai  the  Ilii'cau  Tntenialxmnl  des 
11^  at  Paris,  one  diviiion  oo  tlie  niicruRMrler  liejid*  rorre- 
in  a  iliffereDrr  in  le&)[lh  tA  the  ban  of  o,oot  millimetre,  <>.  10 
miUiontb  of  a  metre. 
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20.  The  Cathetometer.—'In  i>nler  to  ineauire  a  vertical  height,  a 
npcrntion  of  frequent  otcurrencc  in  t'liysical  mcasuremcniii,  an  indn 
inrni  cslletl  a  ciiilieivtniitcr  is  miiatly  unploired.  One  form  of  cathcu 
meter  is  &hown  in  \\%.  7.    A  vcriical  incT.tl  pillar.  Ail,  is  fix«d  in 

heavy  iniind-srand  in  such 
manner  thai  it  can  be  nilate< 
at>out  a  vetiital  axit.  lliii  pdlb 
has  a  ilit-ided  scale  engtavci 
alonj;  onu  focc.  Tn'«  cairiage 
C  and  Tj  ilidc  nlnng  ihc  pillar 
One  of  tlicie.  C,  cnrrics  a  tele 
scope,  T,  whiJc  the  oihcr,  11,  ha 
a  clamping  screw,  by  means  o 
whirh  it  can  be  damped  to  llu 
pillar  in  any  position.  'Iliesi 
I  wo  carriages  are  eunneclet 
tojjcilier  by  a  fine  ictpw,  k,  %t 
that,  D  being  damped  10  the 
pillar,  \rf  turning  thi^  ^crcw  ihi 
other  carriajjc,  c,  together  witi 
the  lelcscope,  can  be  inovei 
thruugh  a  small  distance  atit' 
its  pmiiiun  accurately  adjusted 
The  poiitinn  of  the  carriage  ( 
i«  read  ofT  on  the  scale  b) 
means  of  a  vciiiicr,  V.  A  spiiit- 
level,  I,  senrcHo  »liOH-  when  tlir 
SKIS  of  llic  telescope  is  lioriion- 
tal,  a  screw,  r,  being  uied  to 
make  this  adjuiilinent. 

When  using  the  imtrumeni 
to  measure  the  vertical  distance 
I  jet  ween  two  points,  ihr  pillar  is 
litsl  set  vertical  by  nicans  of  ihe 
levelling  screws,  this  adjustment 
t>cing  mraplcic  when  on  rotat- 
ing ihc  pillar  the  position  of  the 
bubble  of  the  spirit-level  1.  does 
noialier.  Thccarriagesareihen 


Fig.  7. 


nim-ed  till  the  lower  end  of  the  object  to  be  measurnl  is  seen  ihmugh  the 
tclctcopc  The  carriage  li  is  then  riamped,  and  by  turning  the  screw  K 
the  Uitersectioii  of  the  cross  wires  of  the  telescope  is  made  to  cnincide 
with  the  imagfc  of  the  lower  point  The  position  of  the  csirnagc  c  !>.iviiig 
been  rend  hv  means  nf  ilic  vernier,  the  rarri.ijje  is  moved  till  ihe  ima^'e 
of  the  upper  point  coincides  with  the  inlerseclioo  of  the  croM  wirc»    The 
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difference  lielwccn  llie  two  reuilinj.'a  ^\vw  ihe  veriica)  di:>i:ii)ce  beiwcvn 
Ibe  two  poinis. 

In  nnlcr  u>  Dbi»iii  a  correct  result  it  i*  v«ry  impoflant  tJut  tbc  axis  of 
thr  iclcocnpc  in  lUc  twn  posiiions  should  be  exactly 
panllcl.  ThU  will  be  evident  from  l-'ig.  £,  when; 
the  aiis  of  the  telescope  when  at  t,  a  shown 
inclined  to  its  position  when  at  T|.  The  diuanrc 
beiwtren  X  and  V  wotitd  then  be  read  itfT  as  1,1, 
instead  of  T,C  »s  it  ou^hi  10  be.  The  eritK'  due 
to  Ihi*  isMiK  ii  iiiinlitiiscd  by  atwuya  selling  tli« 
of  tile  tckscapu  lioiitanLal,  *^  sfaou'n  by  llie 
icaie  spirit -level  L,  1»)'  nieniu  of  ihe  screw  f 
fiCKC  nuking  the  bnal  ndjuslment  of  the  slide 
MA  p>.i^liun«  "f  tlie  i(;!cK^>pc 

21.  DnUs  of  Surfaco. — For  all  scicniiric  piiqioses  ibc  unit  of  imrfucc 
b  a  M|itaro  of  v  liich  (.t()i  side  is  of  unit  len^h.  Iii  tlic  •r^'.i.  sy^item, 
ibctiHocc,  (he  unit  of  siirfACC  n  a  Mfiurc,  each  Utk  of  whiOi  is  taw  cenli- 
mrlre:,  and  is  called  a  M(uare  centimetre.  A  square  cvniinictre  is  »iHn«iinick 
written  hj.  ctn.  and  sotni-times  cm*.  For  nie^isuiint;  such  surfaces  a» 
•nwld  in  ihc  Uiiii>Ii  syilcnv  be  measured  in  acres,  tlic  unit  enipla)'cd  in 
the  metric  tyslem  is  ihe  hectare,  which  is  tc^ooo  tqutire  luetics  :  tme 
hecUktt  is  C(|ual  to  3.471  acres.     The  dimensions  of  sutfjce  arc  [Z.-*]. 

22.  ■taturoment  of  Surfact.— 1'hc  aiea  of  c«nain  i>Kures  Laii  be 
ily  cak-uUted  by  )-eoinelry.  Soiti«  of  tile  comuiooly  uccumnK  cases 
given  in  ilie  fothming  tabic; — 
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ine  n 

M 


fim* 

Aim. 

Rcnuukii 

Sqoare      .         .         .        o* 

If  — Icnt^tliof  &tde. 

Kectanetc                 , 
l*auallew}!roiii 

aJ 

natid^—lennihsofiwoadjiLCcat  side& 

4ti 

ieheit;hi,i4-lwise. 

TriaoKle  . 

jifjt 

>««  height,  4 -Imsc. 

Orde                        1 

».H 

(                    ..            circumfeiencB 
}          r—tsidias,  »— - — -         — - 

{                       -yutO. 

EIfi|»e     .                       w.<a 

a  and  /—  scmi-ues. 

Sptterr  (wutux  erf)  .  I    V-r* 

ro  radius. 

TNe  wirfcc*  of  an  irregular  plane  figure  may  b«  dciennined  cxperi- 
.  r  the  initline  of  the  fiKiirc  on  a  sl>eci  of  cutdboard  01 

'I,  .     .1  nui  and  iici)(hin)(.    The  »ci(;hi  of  a  miuutc  rcnii- 

meirenf  ibe  uinr  1  ard  m  foil  is  ihen  measured,  and  fnim  this  ihcareaof 
the  ngnrc  olntlmed  fioin  its  weight.  Another  method  in  common  um- 
>«  (o  tracr  the  (igttre  on  paper  1,  called  curve  or  squared  paper)  which  is 
nklii-tdcU  b)  two  Mries  of  parallel  lines  at  right  angles  to  one  anotber 
taW  4  amnbet  of  equal  unall  squares    The  number  of  these  nqunres  fat* 
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I'luili-d  niihiii  the  figure  is  then  counted,  and  by  multiplying  this  numbct 
hy  llip  iin-;i  of  each  of  the  squares,  the  area  of  the  figure  is  determined 

I'or  iiii  nocounl  of  the  rules  for  approximately  calculating  [he  am 
III  n-ii.iiii  lijjurfs,  and  for  a  description  of  instruments  for  mechanicallv 
iiln.iiiiiiij;  ilii-  ;iroa  iif  plane  figures,  reference  must  be  made  to  texi-boots 
oil  iiit-uMir.iiLiin  :iml  [he  integral  calculus,  since  they  cannot  be  profitably 
ilr-i.  lilH-il  HiiUout  assuming  a  knowledge  of  the  calculus. 

2S.  Units  of  Volume.— The  unit  of  volume  for  all  scientific  puiposes 
ii  [111-  *t'liimr  i>f  a  ciilie  each  edge  of  which  is  of  unit  length.  Thus  in 
ilif  .  ,i-  '.  >4  Mcni  iho  unit  is  the  volume  of  a  cube  each  edge  of  which  Js 
I'lii'  I  cntiinciiv  ill  length.  This  unit  is  called  the  cubic  centimetre,  and 
I'l  (iriiii.ilK  iMitim  c.c.  or  cm', 

1  111  1  iiiiiuioivi.il  |iuv|ti)scs  the  unit  of  volume  in  the  metric  system  is 
llii<  111  II-,  i\tui1i  iy  the  loluiiic  of  a  kilogram  of  pure  water  at  the  tempeta- 
luii-  "I  u>  iiiii\iiiiuiii  density  (4^  C.i.  The  litre  is  thus  for  all  practical 
|iiii|iii  .1-.  i-i)ii.il  ut  iisvi  cubic  centimetres  or  one  cubic  decimetre.  One 
lilir  I'l  i-i|ii,it  to  I   "<o>'r  iiiiixri.il  pints,  or  a220097  gallon. 

llic  tolliiMiuj;  t.ilile  is  convenient  for  converting  pints  to  litres,  or 
,1..  (.'■.(. 
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Metric  to  British. 


Litres^  Pints. 


|:=  1.7608 
2=    3.5JI5 

3-  5-2823 
4=  7-0431 
5=  8.8039 
6=10.5646 

7=12.3254 

8  =  14.0862 

9  =  15.8469 


I  III!  ilinii'iioioiii  i>f  toUinii'  iirr  ( l?\ 

1  lii<  liOliouiiK  iiilOr  f^wv^  lilt- volumes  of  some  of  the  simpler  gen- 

llll'llli  ill  Mt^lllt'i  , 


I'lmiin 

t  iilir 

Kriliiiiijiiliii       |iHiiilli-l 

ii|iipi-il 
.Splirii- 

t  yiiiiilrr  "i  iinsui  . 


\'tilmiir. 
,(' 

.%.h.t 
A.h 


Remarks. 


.1=  length  of  edge. 

S  a,  h, .  =  lengths  of  three  ad- 

(      jacefit  edges. 
I  »■= radius. 
1  .J^arca  of  base. 
)  A -=  height. 


*riie  rxiK'rimi*ntal  iiiLM^-itrrment  of  volume  will  be  considered   later 

iS  14'". 

rill'  ilisi'usiioii  of  the  methods  of  measuring  mass  is  for  the  present 
deferred  (i^u  g  ys). 
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PART    II— KINEMATICS 

CHAPTER  IV 
POSITION 

24^  Province  and  SuMlvIsions  of  Hechanlcs.— The  title  (fne- 
chanics  is  (generally  giKcn  10  that  part  of  physics  which  deals  with  ihc  ^.^ 
cffcas  of  force  on  matter,  without  in  any  way  considering  Aiwc  the  force 
originates.^  Far  the  present  we  may  regard  force  as  typified  by  mus- 
cular exertion.  When  wc  exert  our  muscular  ptowers  to  overcome  some 
obstacle  we  derive,  by  means  of  our  sense  ot^ans,  a  certain  sensation 
which  we  describe  as  due  to  the  fact  that  we  are  exerting  a  force.  When 
any  inanimate  agency  produces  effects  on  bodies  which  are  similar  to 
those  which  we  produce  liy  muscular  exertion,  it  is  in  the  same  way  said 
to  exert  force. 

As  fat  as  mechanics  is  concerned,  the  cfifitls  of  force  on  matter  are  of        i-- 
Iwo  kinds— (i)  change  of  motion,  and  (;)  change  of  siie  or  shape. 

Before  sludyingphe  effects  of  force  on  the  motion  of  bodies.Vvhich      i^_^ 
constitutes  the  brancli  of  mechanics  cal led (7.J ywii w icsl  i t  is  advantageous 
to  study/motion  in  the  abstiact,  i>.  without  reference  to  the  cause  of  the 
motion.}   This  branch  of  mechanics  is  called  KiitemaiUs. 

26-  Material  Particle.— A  portion  of  matter  so  small  that,  for  the 
purposes  of  the  discussion  in  hand,  the  distances  between  its  different 
parts  may  be  neglected,  compared  to  the  other  lengths  we  are  consider- 
ing, is  called  a  material  particle. 

The  limiting  siie  of  a  material  particle  varies  very  much  in  different 
investigations.  Thus  in  some  astronomical  problems  the  earth  and  the 
other  planets  are  treated  as  material  particles,  while  if  we  attempt  to 
account  for  the  different  kinds  of  light  emitted  by  glowing  gases,  by  a 
consideration  of  the  vibrations  of  the  molecules  or  even  of  the  atoms,  it 
is  no  longer  permissible  to  regard  an  atom  as  a  material  particle. 

26.  Position.— The  definition  of  a  material  particle  amounts  to  a 
statement  that  the  position  of  such  a  material  particle  can  be  represented 
by  a  geometrical  point,  which  has  position  but  not  magnitude.  This  at 
once  leads  to  the  question  of  position. 

In  order  to  detine  the  position  of  a  point,  we  require  to  know  its  dis- 
tance from  some  fixed  point  of  reference,  called  the  origin,  and  also  the 
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.liivv  lit'i)  i»  mS:,!:  »r  iiiusi  K">  '"  order  to  pass  from  the  origin  to  the 
f;»i-u  ivim.     l:>  oi\W  to  be  able  to  specify  this  direction,  it  is  necessirr 

that  we  have  some  fixed  direction. 
Suppose  we  first  take  the  case  of  the 
definition  of  the  position  of  a  point 
on  a  plane  surface.     Let  P  (Fig-  9) 

p-       ; X     be  such  a  point,  and  let  O  be  the 

origin,  and  ox  (called  in  geometiy 
the  initial  line)  be  the  fixed  diiec- 
i..<ii  Hull  I!  !-ri villi;  '.b.n  ii  we  know  the  angle  6,  which  the  straiehi 
l.m-  ■.>ii.iK  I-  ■„•  ;!•.,•  o''j::i'.  iiiiki*  with  OS,  and  also  the  distance  (r)  « 
tin.-  i»>  ii.ivcl  ,iU'i!<  ;?;;■.  \:n.r  tWni  O  to  reach  P,  then  the  position  of  P  is 
1  .■iiiliU'ii'*  iWiiiii-i!,  I'V.t  iv-MUiitios  r  and  Sy  which  sen-e  to  define  the 
l'\'-iii.>ii  I'l  i\  ,i!i-  ■  ,i'V»;  :!:■.•  i-i>  oiviinaies  of  P. 

Aiit'thi-t  iiikilitst  .■!  .ieiimn):  tlie  [position  of  a  point  in  a  plane  is  to 

have  two  fixed  intcrsea- 
ing  straight  lines,  called 
the  axes,  inclined  at  any 
angle  to  one  another, 
and  refer  the  position  of 
the  point  to  these  lines. 
Thus,  suppose  we  have 
two  fixed  straight  lines, 
— ^X  xox'and  YOY'(Fig.  io\ 
intersecting  at  o  (the 
origin),  and  through  any 
j:ii-en  point  P  we  draw 
two  lines,  PN  PM,  paral- 
lel respectively  to  the 
axes,  then  if  we  are 
(jiven  the  distances  NP 
and  MP,  the  position  of 
I'  w  ilfliiu-il.  Km  ii  \ie  iiiv,i-.ui(-  iilV  Inim  o  iilonj;  OX  a  distance  OM 
i-.[ii.il  111  M',  M\\\  itiiim^li  M  ili.m  a  liiii'  |i:iv;illcl  to  VV',  the  point  P  must 
lir  suiiH-ttlifif  I'll  llii>  liiir.  Ill  ilu-  s-iinc  way  1'  must  lie  somewhere 
im  till'  line  M',  iiiiil  lii-iiic  i)iii-.t  lie  .11  the  <''f.'i'  |>oini  which  is  comown 
to  till-  l»ii,  tliai  ii  ill  ihi'ir  puliit  of  ititen>cclinn.  It  is  usual  to  in- 
liiiate  tlif  disl.iiiie  UM  m  NT  hy  ihf  syinbiil  .r,  and  0\  or  MP  b)'  the 
tytnlml  i',  m)  ili^ii  I  lie  i  n-cmliniiits  of  tlio  [Hiint  V  are  .1'  and^'.  In  almost 
all  (iianiriil  a]i[iliiatiim»  of  tliis  meihwl  of  ileliiiing  the  position  of  a 
|Mii]it  (railed  ibe  Cartesian  uiciIuhI)  the  two  axes  are  taken  at  right 
an);k-s  tii  one  another.  In  order  to  deline  the  position  of  a  point  in  iPace 
we  require  three  co-ordinates.  In  the  Cartesian  method  three  axes  are 
taVcn  which  arc  at  right  angles  to  each  other,  and  the  co-ordinates  of  a 


§27]  Position  25 

point  are  then  ihe  distances  from  the  origin  of  the  feet  of  the  perpen- 
diculars drawn  from  the  point  to  the  three  axes. 

27.  Vectors  and  Soklars.— Suppose  we  have  the  positions  of  two 
points  (o  and  P)  given.  Then  the  position  of  P  relative  10  O  is  given  by 
the  length  and  the  direetion  of  the  straight  line  OP  drawn  from  O  to  V. 
That  is,  starting  from  0  you  will  arrive  at  P  if  you  go  in  the  direction  of 
the  line  OP  for  a  distance  equal  to  ihe  length  of  this  line. 

In  geometry  the  expression  OP  is  used  simply  to  designate  a  line. 
When,  however,  it  is  used  to  designate  the  operalion  by  which  the  line 
is  drawn,  ;>.  the  motion  of  a  tracing  point  in  a  certain  definite  direction 
for  a  certain  definite  length,  it  forms  an  example  of  a  quantity  called 
a  vector.  To  emphasise  this  fact  we  shall  indicate  a  line  such  as 
OP,  when  it  is  used  as  a  vector,  by  an  arrow  placed  over  the  letters  which 

define  the  ends  of  the  line,  thus  OP.  The  arrow  will  here  remind  us  of 
the  distinctive  property  of  a  vector,  namely,  that  in  addition  to  a  definite 
magnitude,  it  has  also  a  definite  direction,  for  we  are  constantly  in  the 
h.ibil  ofindicaling  a  direction  by  means  of  an  arrow-head.    The  expressions 

OP  and  PO  represent  two  different  vectors,  for  although  ihe  distance  is  the 
same  in  the  two  casts,  yet  in  one  the  trachig  point  is  supposed  to  move 
from  O  to  P,  and  in  the  other  from  P  to  O.  Where  a  single  symbol  is 
used  to  represent  a  vector  quantify  it  is  usual  to  employ  a  thick  fount 
of  type,  while  for  scalar  quantities  the  ordinary  type  is  employed.  Thus 
T  represents  a  vector  of  which  the  magnitude  is  v  units  in  some  definite 
direction. 

A  quantity  which  has  only  ma(-nilude  and  not  direction  is  called  a 
scalar.  Thus  mass  and  density  are  scalars,  but  velocity  and  force,  as 
we  shall  see;  are  vectors,  for  they  have  not  only  magnitude,  but  have 
associated  with  this  magnitude  a  certain  direction. 

28.  Motion. — If  the  position  of  a  material  particle  is  changed,  then 
if  wc  only  consider  its  state  before  and  after  the  process  of  change,  and 
take  no  account  of  ihc  time  during  which  this  change  takes  place,  we 
arc  sail!  to  study  the  displacement  of  the  particle.  When  a  particle  is 
displaced,  however,  from  one  point  to  another,  it  must  travel  o*er  a  con- 
tinuous path  from  one  position  to  the  other  ;  and  further,  it  must  take 
a  certain  time  in  travelling  over  this  path,  so  that  it  has  occupied 
in  succession  every  point  along  this  path.  QWhen  we  consider  the 
actual  process  of  change  of  position  as  occurring  during  a  certain  time, 
wc  arc  said  to  study  the  motion  of  the  panicle,  while  that  branch  of 
mechanics  which  is  concerned  with  the  motion  of  bodies  treated  in  the 
abstract,  i.e.  without  considering  what  causes  the  motion  or  change  of 
motion,  is  called  Kinematics. 

29.  DifTerent  Kinds  of  Motion.— The  motion  of  a  material  par- 
ticle, taken  with  reference  to  some  fixed  point  as  origin,  can  consist 
either  in   change  in  the  distance  of  the  particle   from   the   origin,   the 
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direction  of  the  straight  line  joining  the  particle  to  the  origin  remaining 
Tixed,  i.e.  motion  can  lake  place  along  this  straight  line  either  away  from 
or  towards  the  origin,  or  in  a  change  in  the  direction  of  the  line  Joining 
[he  particle  to  the  origin,  the  length  of  this  line  remaining  fixed.  iJ. 
motion  along  the  circumference  of  a  circle  having  the  origin  as  centre, 
or  in  a  combination  of  these  two.  In  the  case  of  a  material  particle,  since 
it  lias  no  parts,  the  above  are  the  only  kinds  of  motion  possible,  and  this 
fiirrii  of  motion  is  called  tiioUos  ^  translation.  If,  however,  instead  of 
dealing  with  a  material  particle,  we  are  dealing  with  a  body  of  appreci- 
able size,  so  that  its  different  parts  can  have  different  motions,  we  iiave  a 
fiirtlier  kind  of  motion  possible.  Thus  in  addition  to  a  motion  of  transla- 
tion, in  which  the  body  moves  so  that  the  line  joining  any  two  points  in 
the  Iwdy  is  always  parallel  to  some  fixed  line,  the  body  may  sjjitj  or 
rolato.  In  the  case  of  a  pure  translation,  the  motion  of  all  the  particles, 
(if  whii'h  we  may  consider  the  body  to  be  buih  up,  is  exactly  the  same, 
while  when  the  body  rotates  the  motions  of  the  different  parts  of  the  body 
iiri' iljUi'reiit.  The  most  general  kind  of  motion  of  which  an  extended 
body  is  I  apaliic  is  a  combination  of  a  rotation  with  a  tianslation. 

Ai  an  csamiilc  of  a  motion  of  translation,  if  we  neglect  the  curvature 
nf  llii'  rarlh's  surface,  wc  may  lake  the  case  of  a  boat  sailing  in  a  straight 
hill'.  Thr  (ty-Hli'-el  of  a  stationary  engine  is  an  example  of  a  motion  of 
|iiiii'  iiiiiiriiiii.  Thi^  motion  of  the  screw  propeller  of  a  ship,  the  wheel  of 
ii  l<H iiiiuiliir.  ami  a  ball  rolling  along  the  ground  arc  obvious  examples 
til  llii<  iiitiibinuliiin  of  a  motion  of  trans tal ion  with  one  of  rotation. 
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CHAPTER  IV 

POSITIOS 

24t  Province  and  SutxHvlslons  of  Kechanlcs.— The  itik^is 
chaiii'-)  it  )(c«icr3lt*-))ivcii  to  lh;it  pan  nf  phyiirs  whiili  cicals  whli  the 
rfft.n  of  force  on  RMtier,  uiihoul  in  any  way  ronxidcrinjj  AfW  ihc  foitc 
ortxiiMleO  Ffr  tJtr  prfstHl 'v^  may  rejpirrt  force  a*  (>pinci1  by  mus- 
cular exenion.  When  «e  cx«n  our  muKular  powcit  to  ot-er<x>ni<:  some 
obiLacte  we  derive,  by  meant  (W  otir  <ti.-nsc  OT);ans,  a  <«rtain  scnMitinn 
which  WF  describe  as  due  to  lite  &cl  thxt  wl-  an:  excrlitt);  a  iortx.  When 
Any  inanhnnte  agra'?'  |K(Mluces  cflecis  un  bodiet  which  unr  Mmilar  to 
ibnse  irhirh  we  produce  l>y  muicubir  exertion,  it  ix  in  the  same  way  laid 
to  c«crt  force. 

A«  fai  as  mmrhanics  is  concerned,  lli«  c&cu  of  force  on  matter  «fc  of 
t»o  lundt— Ci)  cliance  of  motion,  and  ':)  change  of  »iie  or  stiapc> 

Before  ttudyin^'Qbc  effects  of  force  on  the  motion  of  bodies.Vvhich 
constilPtFn  the  brancli  of  iiicclianics  r:»\\«AH>ynaiHift»  K  is  a<ivania);iMni!> 
In  ttndj-^uiion  ia  ilie  abfiiiact,  >>.  without  referene*  lo  llie  cauw;  vA  Hit- 
■notian. :'  Thii  branch  of  mechanics  is  called  HiKem.UUi. 

SS-  MftUrloi  Putlds.  -A  portion  of  matter  ui  uiiall  thai, for  the 
|Ntr|ii)W>  of  ihe  diKasuon  in  hand,  the  <Dttances  between  iti  diRerent 
pofti  nwy  Ik  nct;lc>:tcd,  cmnparcd  to  the  i>ther  len^hi  wc  are  contidci- 
InK,  h  called  a  mj^erutl parlUU. 

The  liniitiRtf  site  of  a  inaleria)  panicle  varies  very  much  in  dtl&rcni 
inv«%ii]|^llon&.  Thus  in  tome  aftronomii:al  probtcnis  the  enrih  ai>«l  the 
ntber  pLiDcts  are  treated  as  material  pHtiidcs,  while  if  we  attempt  to 
Knnint  ftir  the  diflerttu  kinds  of  li);hi  emitted  b)-  glowing  );a»es,  by  a 
cniutderallua  nf  the  vibraliuni  of  the  molecules  or  cicn  of  the  atamii,  h 
ia  na  longer  penntuible  to  Te^artl  an  atom  as  a  materia!  particle. 

2B.  Posltlon.--The  definition  of  n  m.iierial  particle  omuunii  lo  a 
(tatemeni  thai  ihe  position  of  such  a  material  particle  can  be  represented 
by  a  feomeincal  point,  whirh  hni  poaitkm  but  not  majcniiudc.  This  at 
OMcx  lead*  in  the  question  of  poiiiinn. 

Id  ofder  to  define  thr  potitton  of  n  point,  we  require  lo  know  in  dti 
UMCB  fnm  some  fixed  noini  of  refrrence,  called  iIm  otik'in,  ami  also  il« 
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ilircciion  in  which  we  must  jfo  in  order  to  pass  from  Ihe  origin  to  1 
Ifiven  jiuinL     In  order  Ip  be  able  to  specify  this  direction,  it  is  necessi 

that  we  have  some  fixed  directii 
Suppose  we  iirst  take  Ihe  case  of  t 
definilion  of  the  position  of  a  poi 
on  a  plane  surface.     Let  P  (Fig. 
be  such  a  point,  and  let  o  lie  tl 
origin,  and  OX  (called  in  gcomet 
the  initial  hne)  be  the  fixed  dire 
ticin.     Then  it  is  evident  lli.it  if  we  know  the  angle  6,  which  (he  straigl 
line  joininK  v  to  the  origin  makes  with  OX,  and  also  the  distance  {r)  » 
have  to  Irnvel  along  this  line  from  O  to  reach  I*,  then  the  position  of  P 
completely  defined.      The  quantities  r  and  6,  which  serve  to  define  th 
position  of  I*,  are  calletl  the  co-ordinates  of  P. 

Another  method  of  defining  tlie  position  of  a  point  in  a  plane  is  t 

have  two  fixed  intersect 
T  ing  straight  lines,  callei 

the  axes,  inclined  at  anj 
angle  to  one  another 
and  refer  the  [losition  Oi 
the  point  to  these  lines. 
Thus,  suppose  we  have 
two  fixed  straight  lines, 
xox'and  YOY'(Fig.  10), 
intersecting  at  o  (the 
origin),  and  through  any 
given  point  P  we  draw 
two  lines,  PN  PM,  paral- 
lel respectively  to  the 
a.\es,  then  if  we  are 
given  the  distance?  np 
and  MP,  the  position  of 
1-  is  defined.  For  if  we  measure  off  from  O  along  OX  a  distance  OM 
et[ual  to  n7',  and  tlirout,'h  M  draw  a  line  parallel  to  YV',  the  point  P  must 
lie  somewhere  on  this  line.  In  the  same  way  P  must  lie  somewhere 
on  the  line  NT,  and  hence  must  lie  at  the  only  point  which  is  common 
to  the  Xwci,  th.ii  is  at  their  point  of  intersection.  It  is  usual  to  in- 
dicate the  distance  om  or  NT  by  the  sj'mbol  .r,  and  OX  or  Ml'  by  the 
symbol  V,  so  ilial  the  co-ordinates  of  the  point  P  arc  x  andi'.  In  riliinibi 
all  |iraeiical  applications  of  this  method  of  defining  (he  posilimi  of  a 
point  (called  the  Cartesian  method)  the  two  axes  are  taken  at  right 
angles  to  one  another.  In  order  to  define  the  position  of  a  point  in  sp'tce 
we  require  three  co-ordinales.  In  the  Cartesian  method  three  axes  ;irc 
taken  which  are  at  right  angles  to  each  other,  and  the  co-ordinaies  of  a 
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poini  ant  then  iIm  dJsiiuiCM  from  the  ori);in  of  the  feel  of  ihe  peipcn- 
dienbn  tlruttii  frtiiii  ihir  point  to  tlie  three  axes. 

27.  Vectors  and  Scalars.— Suppme  we  have  the  puMivonx  of  ib-o 
points  (o  aivd  I")  git«n.  Then  the  ]XKiiliaii  of  p  relative  la  <>  b  given  by 
the  Ungik  and  ibe  Ainftiou  of  (he  straifilit  line  op  drawn  from  o  to  i-. 
That  is,  Manini;  from  o  you  will  arrive  at  T  if  you  ^o  in  llie  (lirtdion  of 
ihe  line  oi'  for  n  ditiance  e*[ual  to  the  lenjr'h  of  this  line. 

to  i^eomelry  ihu  expre»Mon  OP  is  tucd  uinply  to  designate  a  line. 
When,  however,  it  i»  nied  to  desiKnaie  the  operalit>n  hy  »hi<-|i  ihe  linr-. 
it  drawn,  ij-.  the  motion  of  a  tracing:  point  in  a  reriain  dcliniie  dirrriion 
bf  a  ccitnia  definite  length,  if  Uaraa  an  i^xamplr  of  a  (luantiiy  called 
4  vtct*r.  To  emphatiM:  this  fart  >'«  shall  iiulicaie  a  line  such  as 
or,  when  h  i«  need  as  a  vector,  by  an  arrow  placed  over  the  letters  nhicb 

define  tlic  ends  of  the  line,  thus  <i\:     The  arrow  will  here  remind  ns  of 
!  dtuinctire  jiropeny  of  a  sector,  namely,  iltat  in  addition  lo  a  deltnite 
{nitude,  it  lias  alio  a  delinite  direction,  for  we  are  conhtantty  in  tlic 
■bit  of  indicatiii];  adirociioii  by  means  of  a  narrow -head.  The  expressions 

'aiad  ro  Tvpiesent  twodillerent  vectun,  for  although  the  disiaiKv  is  Ihe 

:  rn  the  i)ro  iziics,  yet  in  one  Ibe  tmciiig  point  is  supposed  lo  niove 

o  to  V,  at>d  tn  the  oilwr  fiom  r  to  o.     Where  a  single  symbol  ts 

to  represeiil  a  vet:lor  iiuanlity  it  is  usual  lo  empio)'  a  thick  fount 

ty}N),  white  for  scalar  i|Uantilie9  the  ordinary-  type  is  citipluyed.     I'hus 

\  rspreacnu  a  vector  of  uhjcli  the  magnitude  is  v  units  in  some  delinite 

tlttX 

quantity  which  has  only  ma^iiudc  and  not  direction  is  called  a 
t>«r.    Thus  mass  and  density  arc  scalars,  but  telochy  and  foree,  as 
shall  see.  arc  veirtois,  for  ihey  have  not  imly  inagniiude,  but  have 
tiaicd  with  this  magnitade  a  certain  direction. 

28.  HoUon.  —If  Ihe  positton  of  a  ntaterial  particle  is  changed,  then 
\  •«  only  toti»idcr  it»  state  liehire  and  after  the  process  of  change,  and 

Lc  M>  accuunt  of  tlic  time  during  which  thi^  c}ian);i-  takes  place,  we 
:  caid  ID  stiidy  tlic  displacement  uf  llie  fKirticle.  When  a  piirliclc  is 
,  bnorvcr,  from  one  |ioiiil  (o  anntliec,  it  must  travel  over  acxm- 
~i)Maiu>  path  rrnrn  on<-  position  to  llw  olhcf ;  and  further,  il  must  lake 
a  cKitain  tittie  in  tratelliii),'  over  this  path,  ui  that  it  has  occupied 
m  «ucceaal(m  ever^-  point  alon^'  this  path  QkMien  we  <.-oii9i<let  the 
aitnal  pni^ss  of  Ehange  of  position  as  occuninj;  during  a  certain  time, 
*e  are  said  lo  study  ihe  ni>/r\!u  of  the  jKitticic.  vhiic  ihat  branch  of 
mocbanks  which  iv  concerned  wlih  the  motion  of  iMHliei  ireaied  in  the 
■Immct,  Lt.  witbool  considerin)!  what  causes  Ihe  motion  or  change  of 
fioB.  '»  called  Kiatfui'tfi. 

DltTerent  Kinds  of  Hotlon.— The  motion  of  a  naieriat  par- 
taken K  iih  reference  to  some  fixed  point  as  oripn.  can  r""*?--' 
in  cbanjre  tn  the  disiancc  of  tlic  particle  from  the  oriE'">  '''c 
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direclioti  of  the  straight  line  joining  the  particle  to  the  orig-in  remainii^ 
lixcd,  i.e.  motion  can  take  place  along  this  straight  line  either  away  from 
or  towards  the  origin,  or  in  a  change  in  the  direction  of  the  line  joining 
the  particle  to  the  origin,  the  length  of  this  line  remaining  fixed,  i.e. 
motion  along  the  circumference  of  a  circle  having  the  origin  as  centre, 
or  in  a  combination  of  these  two.  In  the  case  of  a  material  particle,  since 
it  has  no  parts,  the  above  are  the  only  kinds  of  motion  possible,  and  this 
form  of  motion  is  called  motion  of^lranslalion.  If,  however,  instead  of 
dealing  with  a  materia!  particle,  we  are  dealing  with  a  body  of  appreci- 
able size,  so  that  its  different  parts  can  have  difierent  motions,  we  have  a 
further  kind  of  motion  piossible.  Thus  in  addition  to  a  motion  of  transla- 
tion, in  which  the  body  moves  so  that  the  line  joining  any  two  points  in 
the  body  is  always  parallel  to  some  fixed  line,  the  body  may  spji)  or 
iQlaLe-  In  the  case  of  a  pure  translation,  the  motion  of  all  the  panicles, 
of  which  we  may  consider  the  body  to  be  built  up,  is  exactly  the  same, 
while  when  the  body  rotates  the  motions  of  the  different  parts  of  the  body 
are  different.  The  most  general  kind  of  motion  of  which  an  extended 
body  is  capable  is  a  combination  of  a  rotation  with  a  translation. 

As  an  example  of  a  motion  of  translation,  if  we  neglect  the  curvature 
of  the  earth's  surface,  we  may  lake  the  case  of  a  boat  sailing  in  a  straight 
line.  The  fly-wheel  of  a  stationary  engine  is  an  example  of  a  motion  of 
pure  rotation.  The  motion  of  the  screw  propeller  of  a  ship,  the  wheel  of 
a  locomotive,  and  a  ball  rolling  along  the  ground  are  obvious  examples 
of  the  combination  of  a  motion  of  translation  with  one  of  rotation. 
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CHAPTER   V 

MOTION  OP  TKANSLATION 

30.  Velocity,  Speed.-{[1ie  rate '  ut  wbidi  a  point  chanKCi>  ilti  posU 
tioa  19  called  ii>  vc)ix.-it)0  From  whni  lus  bcm  ukt  in  §  37  it  i»  evident 
thai  Ibe  chani^  in  tlic  position  of  a  |Hriide  mint  not  only  have  magni- 
Rtde,  «>.  tbete  must  be  a  ccnnin  distance  incnsiircd  aloni;  thu  piitli 
Utened  b>'  tbc  particle  between  i»  fini  and  lati  pofitlnni,  liut  also  the 
motioti  of  the  panicle  muM  hnvc  h^fn  in  some  direction,  altliough  not 
necc«iarily  alonk'  a  straiKhl  line,  io  that  (velocity  is  a.  ^ftfor.  Ji'Veiocily, 
ihercfnrc,  nuiy  vary  both  in  regard  to  ii«  ma^-iututk  un<l  alsO  in  rc^fanl 
tu  us  diiection.i  This  may  be  illustrated  by  the  niolioii  of  a  triiin  goin^' 
raund  a  curved  Here,  alihoojih  the  maKni'udc  of  the  velocity  may  be 
conMMU,  <>.  the  train  may  travel  alou^  tl>e  niili  for  e([ual  dittanrcs  in 
each  suuicMivc  second,  yet  the  direction  of  the  motion  t'  rontinuaJly 
rarying,  since  at  any  fgtvcn  point  it  \i  aloDK  the  taoKetil  lt>  the  curve  at 
tlof  point. 

f  Hence,  to  raeawire  the  vdodty  of  a  particle  iwn  thinf^  have  to  be 
defcTTniited  :  (i)  the  iqucc  wbi<'h  the  particle  has  tnoved  o^cr  in  a  Kivcn 
lime,  and  (2}  tl>e  chanije  in  tbc  diref:iion  of  motion  during  this  time.  1  In 
■nlisafy  hmgaaiie,  and  in  very  many  books  on  mcchnnics  the  «ord 
relocity  ti  iited  to  ioili<ate  tbc  tint  of  tlkCiie  rales,  >>-  llie  tftur  passed 
arts  tn  a  B'^'en  time,  without  taking  any  account  of  any  chanjic  in  direc- 
liDO  wbidi  may  take  pbce.  Thus  the  end  of  the  hand  of  a  watch  is  uiid 
10  mrn-c  with  uniform  (iV.  constant)  vcloriiy,  since  it  move*  over  equal 
tpaco  in  McceMtvc  cqu.1l  times.  It  it,  hou«'ver,  evident  that  (be  direr- 
lioB  of  ihe  velocity  11  Loiiiinually  altering,  and  hcnie  from  this  point  of 
nes  cIk  velocity  is  vatiabtc.  It  tl)cre6)re  laves  confusion  if  we  use.  at 
aiqr  rate  wherever  ambi^ty  may  arise,  a  scpiirale  word  to  denote  the 
nie  at  wbiclt  a  panicle  detcribes  iis  path,  ■ithout  reference  lo  the  dircc- 
limt,  and  lor  ihi*  purpose  the  word  sfitfii  is  {.'cncrally  used,  i  Hence,  if  n 
particle  moves  in  a  sirai^ht  line  (m  that  the  direction  of  motion  remaiin 
onottatit).  and  pastes  over  <x)ual  spates  in  xuccesiive  equal  times,  its 
tttmritf  is  aaid  to  be  constant.  If,  bowcv-er.  a  particle  moves  in  a  curve. 
Mk  thai  its  direction  of  motion  roniinually  cbanEes,  but  pauses  over  equal 

I  Tlwr  ratio  of  ilw  total  chanKe  in  aay  i|iianlity  ahicti  oraots  duins  a  giico  time 
■t  Ikst  vmm  t>  caBnl  ihc  ran  tx  wWdi  ihit  qiumUlj  U  cJunglac. 
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us  suppose  thai  we  laltc  half-second  steps,  i.^,  that  ilie  velocit 
rvmains  tonstaiit  for  lialf  a  second  and  tlii^n  changes  abiupily.  Th 
velocity  curves  now  obiaincd  are  ihorni  in  Kig.  15.  As  before,  ihi 
dilTcrenrG  between  the  space  paucd  over  when  the  pnrlicle  is  mpposci 
lo  move  during  each  half-second  wiih  ihc  velocity  ii  actually  posscsse' 
at  the  end  of  the  half-second,  exceeds  ibo  space  passed  entf  when  thi 
particle  mcrt'es  with  (he  vclociiy  it  actually  possesses  at  ilie  tominence 

mcnl  by  the  atca  of  the  shadec 
V  vut"^         rcctanslcs.       By    eomparinj;    Ih< 

.-irea  pf  these  rectangles  with  thost 
in  Kig.  n,  where  whole  second 
iiilrrv.ils  were  used,  to  fecilitale 
«'hich  comparison  the  recian^lei 
for  the  whole  second  periods  have 
been  dotted  in  an  Vig.  :5,  it  will 
be  seen  Ihai  ilic  diiTercn<:c  in 
area,  and  hence  the  difference  in 
the  space  p.-i»»cd  over,  is  much 
X  less  in  the  second  case  than  in 
the  licsl.  Also,  the  difference 
between  the  area  enclosed  by  iho 
two  slepped  lines  res  pec  lively, 
the  axi>  of  times  and  any  two  ofdinaics  and  that  included  between  the 
aciual  velocity  curve,  the  avis  of  time  and  the  same  ordinales  is  much 
less  than  before.  By  taking  ijuui I er- second  periods,  and  then  tenth* 
and  hundredt]is  of  a  second,  wc  should  find  tliat  (lie  diffaenrc  between 
the  area  corresponding  10  the  case  where  the  particle  moves  during  each 
time  interval  «ith  a  constant  velocity  corresponding  10  the  actual  i-clocily 
U  possesses  at  the  commcncemeni  of  the  interval,  and  that  corresponding 
to  the  case  where  the  constant  \'elocit)'  during  each  inienal  corrcspands 
10  the  actual  velocity  at  the  end  of  (he  interval,  jfcis  less  and  less.  I]ence 
we  conclude  that  if  we  tike  an  infinite  ninnber  of  intervals  the  two  areas 
will  be  eijual,  and  will  coincide  wiih  that  enclosed  by  ihe  velocity  curve 
O  Pi  P,  Vj.  &c.  In  the  liniil,  therefore,  since  the  space  actually  passed  over 
must  be  intermediate  in  value  between  that  passed  over  in  ihc  two  hypo- 
thetical cases,  il  follows  that  when  these  aie  equut  the  nciual  splice 
passeil  o%'er  must  also  be  equal  to  cither,  and  must  be  represented  by 
the  area  enclosed  between  the  velocity  eurve  o  P[  Pj  Pj,  the  axin  of  time 
and  any  two  ordinates. 

35.  Space  Passed  over  by  a  Particle  when  Its  Motion  ts  Util- 
foi^ly  Accelerated. —Suppose  that  a  panicle  stariinK  with  a  speed 
I'o  moves  wiih  a  uniform  acceleration  a  for  a  time  /. 

In  lliis  case  IT'  {Fig.  :6)  is  the  velocity  curve,  op  presenting  the 
initial  speed  r-„  and  i-'m  the  final  speed  t',-f.J/,  The  sjiacc  passed  oier 
in  the  intenal  /  is  teprescnied  by  the  area  of  the  figure  pomp".    Now 


§36J 


Graphic  Representation  of  a   Velocity 


35 


the  area  of  the  fif^ire  pomp'  is  equal  to  the  area  of  the  rectangle  pomn, 
together  with  that  of  the  triangle  pnp'.     But  the  area  of  the  reciatigle 

POMN'  is  equal   lo  PO  X  OM  or  to  V^t. 

The  areaof  the  triangle  pn?*  is  equal 
10 i  pn.p'n  or  i  /Xrt/,  since  v'ti-^al. 
Hence  the  total  space  passed  over 
will  be  given  by 

If  the  particle  start  from  rest  v, 
is  zero,  and  the  space  passed  over 
in  a  time  /  is 

which  is  also  evident  from  the  figure, 
since  the  space  passed  over  would 
then  be  represented  by  the  triangle 
Pp"!*. 

The  initial  speed  being  I'o,  and  the  final  speed  Vo+a/,  the  mean  or  ave- 
rage speed  is  \  (zi'a  +  'if:-  If  a  particle  were  to  travel  for  a  time  /  with  a 
uniform  speed  equal  lo  this  niean  speed,  the  space  passed  ovut  would  be 

=  fj+iat*. 

Thus  in  the  case  of  uniformly  accelerated  motion  the  space  passed  over 
may  Ijc  obtained  by  supposing  thai  (he  body  travels  during  the  whole 
time  with  a  uniform  speed  equal  to  ihe  mean  of  the  initial  and  final 
speeds.  Hence  if  I'g  is  the  initial  speed  and  t/  the  speed  after  a  time  /, 
the  space  passed  over  during  this  time  is  given  by 
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If  the  liody  starts  from  rest 


or  t=2sii<h 

Substituting  this  value  for  /  in  (he  expression  s=afll2,  we  get 

or  a=7'i'l2s, 

an  expression  which  we  shall  sometimes  find  useful. 

36.  Graphical  Representation  or  a  Velocity.— Up  10  ihe  present 
we  have  been  considering  the  speed  of  a  panicle  exclusively  :  we  have 
now  to  take  into  account  not  only  (he  speed  but  also  the  direction  of 
motion.     In  discussmg  all  questions  involving  velocities,  it  is  convenient 
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lo  represeni  relofttiM  hy  tiRiiijhl  lines.  For  tliis  purpose  we  dnc 
siniigbt  line  in  llic  diicctinn  <rf  ihe  velocity,  and  of  jviih  a  Icn^ili  Uu 
contains  as  many  units  of  leiiKili  m  there  arc  units  of  speed  in  the  veto 
considered.  In  onler  lo  show  in  which  sense  Ihe  moiiiin  take*  place  i 
usual  to  plare  an  arrow-head  somewhere  ftlonj;  ihe  line.  TTiu*  a  >-c!« 
ofj.fi  centimetres  per  scoond  in  a  nortlt-cisieily  direction  would,  if 

take  A.  cciitinieire  to  rc[ 
sent  a  >-elocii)'  of  one  cei 
metre  [wr  seconil,  and  if 
(Fig.  17'  reprcient  the  soi 
lo  north  diicaion,  1ic  rep 
scnted  liy  cithtr  of  the  lit 
AK   or   Cli,   which   are   es 
3.6  cm.  Innj;  and  point  in  1 
proper   di  red  inn.     Similar 
any    othci     line    cq\ial    a 
parallel  to  AR  will  rcptCM 
ihcfc'iven  velocity.  Thertai* 
why  an    infiuitc    itunibcr 
lines  can  bv  drawn  to  lepi 
sent    any  given  velocity, 
thai   althou);))   velocity  h 
magnitude  and  direction  il  has  not  posiiian,  hence  we  cm  take  oi 
(loinl    ffoni    which    lo    dnin-    a    straight    line    to    represent    n    givi 
velociiy. 

37.  Composlllon  of  Velocities.— Wo  have  liiiherto  supiiotied  tl 
axes  to  u'liich  "c  hiivc  refcirtd  the  velocity  of  a  |);irticlc  to  lie  fixed  ' 
npnne,  and  our  re'.nlts  will  nut  lie  affected  although  it  is  impa»i1i1c  1 
realise  such  fixvil  ;i«s,  ^inrc  it  is  imm.itcri.il,  as  far  as  the  relative  mov" 
meat  of  any  particle  wiili  respect  to  certain  fi.ied  lines  or  points  1 
oanceroed.  whuhcr  Ihcit  arc  themselves  in  motion  or  al  rest,  and  it  I 
with  relative  morion  that  we  are  exclusively  concerned.  We  now  pais  I 
the  considciiilion  of  tlic  case  where  the  axes  to  which  we  refer  the  motio'. 
of  a  particle  arc  lhGtii!.elves  in  iiioiion  with  refc-rence  la  some  oilier  axe: 
which  we  take  for  il«;  iiomc  to  Iw  fixed. 

.\i  an  example  we  may  lake  the  cjwc  of  a  man  walking  aliMiy  the  decl 
of  a  ship,  which  is  movinn  in  a  jjivcii  direction  with  reference  In  thcsur 
face  ai  the  seiL.  Wc  might  riieasure  llir  velocity  with  which  the  man  ii 
movintt  with  reference  to  the  ship,  i.e.  say  he  was  walking  at  the  tnte  ni 
loo  centimetres  per  second  in  a  direction  inclined  ni  4;**  to  the  lengtli 
of  Ihc  biwt  and  towards  the  bow  The  ship  itself  (ami  theitfore  iht 
axes  we  have  used  to  define  ihc  man's  velocity)  is,  let  us  suppose,  irn^ 
vellinR  at  the  rale  of  ;oo  centimetres  per  second  due  north,  and  thai 
we  require  to  find  the  velorily  with  which  the  man  is  IraveUinit  will 
Kfervnce  to  the  surface  of  the  sea. 
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If  the  Dian  remained  uiindinK  ulill  on  the  deck  while  ihc  ship  nimcd 
fii»  ooc  sccuimI,  he  •rould  be  displacctl  500  ccntimcirci  tn  ihe  north,  i.e. 
from  o  10  N  (Fig.  18),  This  repmentK  in  the  j;H-«i  rjisc  the  ili»placc- 
meirt  of  tlie  co-ordiiuics  by  which  the  man  t  pwiiioii  with  respect 
lu  die  ship  is  <kfined.  If  now  the  ship  «-cio  10  tniiain 
*tatiDiMry  while  the  man  moved  lor  uiie  second  wtlh  hia 
pvcn  vdocity,  i>.  200  centimetres  in  Ihe  north-eait  ditcc* 
tion,  he  would  arrive  at  k.  If  the  t«-o  movcn>ents  were 
lo  )[o  un  Kimiiliancoiisly,  he  would  ihrrcrorc  during  onr 
««rond  travel  froiu  o  lo  k.  Hi^  artunl  path  with  relcrrnijc 
to  the  (urCace  of  the  !>eu  i«  along  oK,  and  he  will  havt: 
moved  over  this  distance  in  one  second.  Now  the  man 
would  hai-c  tratencd  the  simie  path  in  the  same  time  if, 
instead  of  movinj;  wiili  a  velocity  of  500  centimetres  per 

w:om]  lowaidt  the  north,  represented  hy  on  (Fig.  17),  and 
M  the  un>e  lime  with  a  velocity  of  300  ccniimcttcs  lownrds 

the  norlb-east,  represented  !))■  OP,  which  is  c(|Uid  and  parallel       Fig.  ta. 

In  XK,  he  hud  Iraveiled  for  one  second  with  a  sinjile  velocity  represented 

by  OIL  ThH  single  velocity  OR,  which  would  |{rvc  the  same  diKpl.icemcnl 
;  two  );i\ea  velocities,  is  called  tlwir  resultant,  and  they  are  called 
ijMDent  velocities.  Hence  we  tiave  ll>e  rule  for  fmding  the  mill- 
Etnt  nf  two  velocities  : — Prom  any  ^%\va  point  (O)  draw  two  straight  lines 
in  represent  the  {,'iven  vetocities  in  maf;niiude  and  direction,'  aiid  com- 
|deie  (he  para1teh)gram  with  these  line*  as  adjacent  udes.  Tlien  the 
^■fviuil  of  ihlf  pantlkloKrain  dras-n  through  O  will  represent  the  rnnK- 
Bitadc  and  direction  of  the  resultant  velocity.  This  result  it  called  the 
i*anUcIoirTain  of  \'elocitics. 

Wilutt  wv  an  fcally  <laing  in  tlie  piirallclofjram  of  velocities  U  lo 
»dd  togeiber  two  relucilic^  and  we  sliali  find  that  whcne>-cr  we  add 
two  <{uamit*e9  whtcli  are  vtclm-t  we  shall  make  use  of  the  parallclo- 
Kiam  law. 

The  paralkloKnun  of  velocities  enables  as  10  find  the  reuiliant  of  any 
amn)«T  iiT  velodtie*,  since  liy  iis  means  we  can  replace  any  tiiu  of  them 
by  ihrir  mnltant.  Next,  this  resultant  can  be  combined  with  one  of 
the  renuiining  icluritie-i.  and  so  on  till  a  single  rrsuli.int  is  left. 

A  omsideialKMi  of  Pig  18  will  show  that  live  resultant  velocity  nuy 
be  obtaiaed  whhnut  aanolfy  drawioK  the  parallelogram  OKRf,  for  if  from 

th«  poini  K  al  ibc  ciiiemily  of  llie  Mmight  line  (ON),  which  reprcttenis  in 

'  TImi  lenw  of  i)w  («o  t«lodiia  niui  b*  nitlior  bo«)i  lowwds  o  or  tiMh  swif  ^"-- 

.  JUd  nchwilic*  musl  be  rqMCSOUHl  tu  ilmvttil,  away  ln»  o  nr  Uiwanti  a.      ' 
Ira  <■«  (Im  MOV  ol  tto  teialtanl  nil  fce  atty  IRhbo,  aadlalliestoonilc-'! 
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mit|[niiude  and  direction  one  of  the  cnmponcni  I'clocilics  w  <ini- 

»iraighi  line  (Nit)  in  rcpretrci  in  ma^iiud^  and  dircciion  tlie  oihur  ct 

ponent  vdocity.  iIicd  (he  siraight  line  (or)  joinint;  the  point  ti  lo 
point  R  wiirrcprcsent  in  iiia^iiiludf.'  and  direction  the  retultani  vcloc 
Of  couisr,  the  same  rtiull  would  l>e  ohtnin«l  by  drawing  through  P. 
CKtrcmily  of  the  line  reptcscniing  ihc  licrond  vctocily  in  the  abok'c  ca 

a  line  PR  to  leprescni  the  fvc%\.  Thi»  n)cibod  of  cAectiiiK  die  cum pc 
tion  of  veloeiiiea  is  generally  referred  lo  as  the  trianiflc  of  velotiiies,  a 
loadi  It)  a  convenient  method  of  findinf;  ihc  re*uluint  of  a  numSrr  of  i% 
cities,  say,  :'|,  v^  :•>  f',.    Suppose  the  given  iclocilics  arc  represented  hy  \ 

lines  Ai(,Cii,  F.K,  GH(Fig.  19),  then  from  any  point  Odntw  a  siraigUt  line  i 

equal  and  parallel  to  ah,  from  v  draw  pg  equal  and  parallel  to  CD,  from 


P 


dmw  QH  equal  and  parallel  to  kf.  and  from  R  draw  rs  equal  and  parallel 

to  (J'l.     Then  the  sitaight  line  OS  will  represent  ihc  resiikanl  of  the  four 

veloci()e»  f,,  v^  Vp  v^    The  velocity  t'l  is  represented  hy  op  just  a»  much 

aa  by  M;  the  same  rcmaik  applies  to  (he  other  velocitiei.    Hence  by  the 
triangle  of  velocities  the  resultant  of  ;',  and 

f,  is  rcprcKcted  by  OQ.    Also  ilie  resultant 

of  OQ  und  v^  i.e.  QR,  is  reprcieiitcd  by  ok, 
and  so  011.  It  is  imporlani  to  note  that  ibo 
value  of  the  resultant  obtained  is  independent 
of  the  order  in  which  wc  draw  the  lines  rpprc- 
scniing  (lie  velocities.     Thus  in  Fig.  so  the 

velocities  have  been  combined  in  the  ordcj-  «„  Vf.  i-^  v,:  the  resultant. 

however,  is  the  sanic  as  bcfort 

38.  Resolution  of  Velocities.— It  i*  sometimes  convenient  to  replace 

the  aaiial  vHnrily  of  a  body  by  two  or  rnore  other  velocities,  whif^h  are 

CO  chosen  that  the  actual  velocity  is  the  resultant  of  all  the«  a»*">i>ed 
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^■vflocttrcM.     In  SDch  a  ca>e  we  ntv  said  to  rcMiive  ilic  tti*'cn  vc'ority  into 
^F(>iin|M>iient  rekxjtws.     SuppOM  we  re^itiirv  10  rcMlvc  the  velocity  nepic- 

»ented  hjr  OP  (Fig.  ai)  inio  i»"o  com- 
ponent  1,-claciticK,  one  (iircticd    alon^- 

OX  «nd  the  other  alon);  tiv.    l(  through     ^J^^  j,f 

F  wc  df>w  I-N  p.irall«l  to  ov,  and  pm 
paraDel  to  ox,  ili«n  «re  know  by  ilie 
parallrlogrwit    of  velodlie»    ibal    two 

velocities,  nptcsented  by  Ou  and  o\ 

would  haw  a  resultant  Oi',  to  that  «•- 

may  rrplact  the  velocily  of  by  lli«  two 

>iel(ntte»   OU    and    OK.     Any    givvn 

velocily  ran  in  tlii*  way  be  rewh-eii  in  any  number  of  scpanie  wnys ; 

Uiu*  in  Fig.  33  or  it  resoK-ed  into  the  two  velotitics  OM  xaA  ON. 


1b  the  I3LSC  where  the  compoDents  are  %x  right  angles  to  one  auoihcr, 
oil  the  angle  i>ox  (Fig.  3i),  between  the  djre4:iian  of  the  reini?iaM 

iiy  and  mie  of  the  romponent*  ON,  &  ire  have— 

ON  . 

?w 

'S-coa  (.I/O/')- cm  (go'-Cl-sin  ft 

'Mri|bAft.nlQQV  *loi<C  Of,  and  i-  and  u  arc  the  companenix 
k  aioairMM|M<HrWffnaivdy. 

G-A  sin  A 
I  ibe  iwo  cofnponenis  »,n  not  at  tight  angk-s,  then 
CDinpnneflt  aion>;  OK  tnakinf,'  an  ancle  f>  with  R,  and  li  tboi 
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along  OM,  makin);  an  angle  <^  with  R,  we  have,  by  a  well-known  propon 
tion  in  elementary  trigonometry — 

=P"+i?+:iPQ  cos  ie+4,), 

where  0+<ph  the  angle  included  between  the  components  /"and  Q. 

In  practice,  however,  it  is  generally  convenient  lo  resolve  a  velocity 
into  a  component  in  the  direction  in  which  for  the  time  being  we  may  be 
confining  our  attention,  and  a  second  component  at  right  angles  to  the 
lirst,  which  will  obviously  have  no  influence  on  the  motion  in  the  direction 
considered.  Suppose,  for  instance,  we  require  to  find  the  time  a  sailing 
ship  will  take  to  go  a  certain  distance  in  the  teeth  of  the  wind,  being 
given  that  it  sails  at  an  angle  of  45°  to  the  direction  of  fhe  wind  with  a 

speed  of  ten  knots.'    Let  NO  (Fig.  23)  represent  the  direction  of  the  wind, 

and  oe>  the  direction  and  magnitude  of  the  velocity  with  which  the  boat 

sails.     Resolve  oi>  along  ON,  and  at  right  angles  to  on,  f>.  along  OE. 

Then  we  may  consider  that  the 

boat  moves  with  a  velocity  OM 
in   the   required   direction,   and 

-* 
with  a  velocity  OL  in  a  direction 
at  right  angles,  which  has  no 
effect  on  the  space  passed  over 
in  the  required  direction.  As  a 
matter  of  fact  the  boat  would 
sail  alternately  in  the  direction 
OP  and  in  the  direction  OQ. 
The  resolved  part  of  llie  velocity 
along  ON  would  be  the  same  in 
the  two  cases,  but   the  resnlved  part  at  right  angles  to  ON   would  be 

alternately  in  the  direction  OE,  atid  in  the  direction  OW ;  and  hence  tlie 
space  passed  over  at  right  ringles  tii  OS,  due  to  ench  of  these  components, 
Houiii  be  in  oppiisite  directions,  and  »'ould  neutralise  each  other.  Ry 
geometry  we  see  that,  since  J'MO  is  a  right-angled  isosceles  triiinj;lc, 
OM=or,\/3.  Hence  the  component  of  the  velocity  of  the  boat  in  the 
direction  ON  is  10/  .'2  knots.     The  lime  tnkcn  10  cover  x  nautical  miles 


in  the  direction  ON'  will  therefore  be  j'-i- 10/  ^'2  or 


hours. 


'  Tlie  knot  i«  ilie  uiily  s|>rrial  niinie  we  linvc  fur  a  unit  of  ^|l^■^^l,  ;irui  it  ""I'lc-A'nis 
a  spccJ  of  one  nautic^il  mile  per  liour. 
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CompOTllloo  and  Rcsolutton  of  Aeccleratlons.— A  unifomi 

I  bctng  a  ve<.ior  or  diiccicl  qiMntity,  mj>  ix  ■.•NiijKrumkd  ur 

I  in  cisctly  Um  »anK  w-jy  ui  a  unifonn  v<:loci(y.     IJcncc  m  have 

pan  aMofc'i  in,  thangle.  and  pf^^ysoa  of  acccleraiiotu.     It  ii,  faoir- 

teooisiy  to  dUctus  these  sqnraidy,  unce  all  wc  have  laid  viih 

!  to  velocity  applSes  (mulaSis  mutaitdii)  tn  acirclcralton. 

AO.  CocnposlUon  of  a  Uniform  Motion  with  a  Unirormly  Aec«le* 

^jaXtA  BodOD-  — In  tbc  prc\ious  icctions  wc  hare  licall  wilh  l)ie  cotn- 

of  two  unifofin  Trlociiics  or  of  two  untfomt  acrckraiiotiji ;  n  u, 

r,  pofMUc  to  niRipound  a  uniform  vetority  in  ont  djreciiao  «iib 

a  aazieiaikm  m  anoibcr.    Tbus  in  ihc  example  cunnckred  in 

mislil  wniptiae  that  while  ibt^  man  walked  o-ith  unifbnn  relo- 

r  and)  refcfgfe  to  the  dccfc,  the  ship  itself  mu  tnovint;  wiih  an  orcelc- 

I  «idi  fefareocc  to  the  lorfoce  af  the  xca. 

■B^lc  •«  win  ttlce  ibe  csm  of  »  panicle  which,  turmg  fiotn 

:  M  <K  taam  with  a  QaUanB  *ynA  v  along  ox  (Fig.  34),  aad  wiih  a 

tntkn  «  akog  or,  h  being  re- 

to  tnoe  ooi  Ac  pctth  iravcned  br  Um 

If  dK  panicle  nvncd  with  the  onifofiii 

> »  aht,  the  dwtanoe  tntvened  along  OX 


rn.: 


or    Ln  1^  •>,•;(,  Ac 


«a  Of.  ■«&  dMt  OQ.-^  «fc-  J .  *t,  M>  that  'i,,  Qs  'is  &c 

afOa  pankiE  «l  Ac  ad  of  cack  ■noeeaHK 

ThiMijili  *,  'i  '»  Ac  4xwii  Eaca  iianIM  »  or,  and  duongh  0,.  Q^ 
to  OX.    Thca  tke  pnnkJc  S  the  aid  of 


«iD 


or,  in  dR 


01, 


it  will  be  nt  R^  R»  &c 
ibc  curve  t) 


kg     Rj     R.. 
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and  also  a  disbtnce  Oq^  in  the  dtrcclion  ov,  and  liencc  will  be  at  th< 
poini  R,.  hi  the  same  u-uy,  at  the  end  of  ibc  :nd,  3rd,  &c.  eccodi 
The  path  of  tlic  panirtc  is  ibercforc  alonj 
It  will  be  found  that  this  cunc  will  be  tt* 
path  of  an  objcrl  piojcclcd  in  vaiuo  mih  a  speed  {'  in  the  dircctioi 

OX,  and  acted  upon  Ijy  yr.ivilj'  in  llit  diittliun  oV, 

41.  Curvilinear  Motion— The  Hodograph.—Tlie  example  con 

sidercd  in  the  last  section  differed  ftom  the  case*  prnviouily  con*idcre< 
in  thai  the  leiultant  motion,  instead  nf  taking  plairc  aton([  it  Etrai](bi  line 
takes  plucc  along  a  curve.  Hence  not  only  \t-  ihc  dpccd  nf  the  parlicli 
accelerated,  but  ihe  direction  of  mniioil  continually  changes.  One  of  thi 
moM  inieresiin^  cases  nf  curvilinear  motion  is  that  of  a  puiiicle  moving 
in  a  circle.  «o  that  its  speed  is  constant,  i.t.  it  iravcrnet  equal  len^itlix  a 
the  circumference  111  equal  time%  and  tlic  velocity  thaiigcs  in  diieciior 
only. 

The  study  of  curvilinear  motion  is  inuch  simplified  by  the  use  of  ar 
aunillury  curve  called  the  koihgri'ph.  Tlic  hodograph  is  a  curve  eon^ 
neciin^  the  extrcinitle!)  of  the  straight  lines  drawn  from  some  one  given 
point  to  represent  in  inujinitudC'ftnd  directiot)  the  velocity  of  a  particle 
at  successive  inttantt.) 

Before  considering  the  case  of  the  hodogr^ph  of  a  panicle  moving  in 
a  curve,  we  will  study  that  of  a  panicle  which  moves  along  a  polygon, 

cacli  side  of  ihc  polygon  being 
ir^vemed  with  unifonn  velocity  in 
unit  time.  Let  ABCDK  (Fig.  25) 
represent  the  path,  to  thai  the 
purticle  taken  exactly  a  leccind  to 
travel  frnni  \  In  11,  from  B  to  t'-, 
from  c  to  I>,  and  fioni  D  to  1:.    From 

any  point  o  draw  a  line  op  10  re- 
present the  velocity  with  which 
the  panicle  travcU  Irnm  A  to  R. 


Pig.  «S- 


.Similarly,  draw  oij,  on,  and  n,*  to  repii-scnt  the  velocity  with  which  iho 
particle  IraveU  from  B  to  C,  C  to  \\  and  |i  to  V.  Then  PQRS  is  the  hodo- 
graph  of  ABcriE. 

In  order  that  the  particle^  when  it  reaches  B,  may  alter  its  direction  of 

motion  and  travel  along  itc,  we  must  couipound  with  the  velocity  oi", 
with  which  it  reaches  u,  some  other  velocity.     By  the  triangle  of  forces 

we  see  that  if  we  compound  a  I'elociiy  I'Q  with  the  velocity  Of,  the 

resultant  velocity  will  .Ijc  Oi^ ;  that  is  will  be  the  velocity  required. 
Hence  the  velocity  which  it  is  necessary  to  compound  wiih  the  original 
velocity,  to  m.ike  the  particle  travel  along  Be  with  a  uniform  velocity  »o 


a*  to  reach  c  in  nn«  Kvnnd,  is  pg.     In  (be  nra«  wny  ibe  velocity  wbicb 

'  in  be  combined  oiih  (Xj  when  )hc  phinictc  rcarhcs  c  ix  ijk. 

N'ow  an)-  curve  may  l>e  coiiiidercd  jls  litiiU  up  of  an  innnilc  number 
'  r«ty  unall  itraij-ht  lines,  >^.  to  be  a  puljgon  ;  bencc  we  should  expect 
ihu  thi!  resuki  obtained  above  would  be  applicable  to  faucli  a  curve  and 
iu  hodoniaph. 

Suppose  AHCD  {Fijc-  36)  to  be  the  path  of  a  jurticle,  and  PQRS  it« 
bado|:niph  wirh  rcfermcc  la  ihe  oHj^in  tx  By  ibii  in-  niran  th.tl 
if  from  (>  linn  are  dntwn  to  rcpreacni  the  velocity  «f  ihc  particle  in 
it*  patb  ABCD  in  magnitude  and  direction  at  every  inittiint  of  its 
tnutiun    the  cxtte(nit>e-»  of  all  tbc»c  lines  »iU  he  on  ilic  curve  p(jRS. 


:  ai  any  tnttant  the  direclJon  of  motion  of  the  particle  it  alonj;  the 

lous|xUh,  it  follows  that  OP  must  l>c  parallel  to  the  tangent  of  ibe 

carve  ABCD  at  A,  and  OS  parallel  totbe  ian^-«nt«  X>\  also  tlie  velocity  at  a 

■■  ri]oal  to  op,  and  tlat  at  I)  to  os.    To  fiDiI  ibc  velocity  at  any  utlicr  point, 
R,  (if  ibc  path,  nc  draw  a  tangent  bt  at  tlie  given  point,  then  in  the 

bodograpb  ibrot^h  O  draw  a  line  Oif  parallel  to  irr.    ov?  will  then  rcprc- 

wnt  Ibe  vclocily  ai  r.     In  Ibe  same  way  or  rcpments  the  vvlodty  at  C 
Snppose  the  panlrJe  haa  taken  n  limr  S/*  lo  travel  from  B  to  c,  then 

dunjiK  ihi*  lime  the  velocity  baa  changed  from  otj  to  ok.  If  ji/i»«iccn- 
■avely  iniall,  mi  that  B  and  C,  ai  well  !u  <j  und  R,  are  very  dose  together, 
wr  may  rcffard  ibc  portion  of  the  hodoBtapb  <,ih  a«  being  a  straight  line 
oiiiuidcnt  with  tbe  Ungent.  Then,  from  what  l«»  been  said  with  rtder* 
I  (o  th»  ca»e  of  a  polygon,  the  velocity  which  has  to  be  compoumded 

[He  OR  \i  repre>«Bied  in  magnitude  and  dirnriicm  by  ijR. 
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Hence  QR  represents  the  change  in  velocity  during  the  time  tt.  But 
the  acceleration  is  defined  as  the  chajige  in  velocity  during  a  given  lime 
divided  by  the  time,  so  that  the  acceleration  with  which  the  body  is 
moving  between  B  and  c  is  given  by  QR/B/;  and,  fiinher,  this  acceleraiioD 

acts  along  QR,  i.e.  along  the  tangent  at  thai  point  of  the  hodograph  which 
corresponds  to  the  point  on  the  paih  at  which  the  acceleration  is  beinp 
considered.  If  we  look  upon  the  hodograph  as  being  traced  out  b)  a 
point  at  the  same  lime  as  the  particle  traces  out  the  path  ABCI>,  then  the 
portion  QR  wilt  be  traced  out  during  the  time  it  that  the  particle  spends 
in  travelling  from  B  to  C.  Hence  we  might  call  the  quotient  QR/i/  the 
speed '  of  the  tracing-point  of  the  hodograph. 

We  may  therefore  sum  up  the  results  by  saying  that  (i)  the  direction 
of  the  tangent  to  the  hodograph  at  any  point  represents  the  dircciion  of 
the  acceleration  of  the  motion  of  the  particle  at  the  corresponding  point 
of  its  path,  while  (2)  the  speed  of  the  tracing-point  of  the  hodograph  at 
any  instant  represents  the  tnagni/ude  of  the  acceleration  of  the  particle 
at  that  instant. 

42.  motion  In  a  Circle.— The  only  case  of  curviUnenr  motion  with 

which  we  shall  deal  is  that  of 
uniform  motion  in  a  circle.  Since 
the  speed  is  constant  the  hodo- 
graph is  a  circle,  for  the  lines  drawn 
from  the  centre  O  (Fig.  26)  to  re- 
present the  velocity  of  a  particle 
moving  along  the  circle  ecd  in 
magnitude  and  direction  will  all  be 
of  the  same  length,  the  speed  being 
constant,  and  hence  their  extre- 
mities must  all  lie  on  a  circle. 


Fir.,  37. 


Suppose  ihc  particle  to  move  with  a  unifonn  speed  w  in  a  circle  of 
radius  r.    Then  the  hodograph  will  be  a  circle  of  radius  v  units  of  length. 

Let  A  (Fig.  27)  be  the  centre  of  the  circle  along  which  the  particle 
moves,  and  R  any  point  on  the  circumference.  At  B  the  particle  will  be 
moving  with  a  speed  v  in  the  direction  of  the  tangent  BT.     Hence  the 

line  OP  in  the  hodograph  represents  ihc  velocity  at  B,  and  the  accelera- 
tion at  B  is  in  the  direction  of  the  tangent  at  P,  i.e.  in  the  direction  Pi;. 
Itut  since  both  the  path  and  the  hodograph  are  circles,  the  tangents  are 
alright  angles  to  the  radii  passing  through  the  points  of  contact  Hence 
UP  is  at  right  angles  to  Oi',  and  BT  to  ab.  liut  OP  and  BT  are  by  con- 
struction parallel.  Hence  pu  is  parallel  to  ba.  (The  acceleration  of  the 
particle  at  any  point  is  therefore  along  the  radius  of  the  circle  at  the 
point,  the  sense  of  the  acceleration  being  towards  the  centre. ') 

/ 

>  The  speed,  ir  varialdi.-.  is  deAned  as  id  g  31. 
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To  find  the  magnitude  of  the  accelera'ion,  we  require  to  know  the 
speed  in  the  hodograph.  Since  the  tracing-point  of  the  hodograph  will 
make  a  whole  revolution  in  the  same  time  that  the  particle  describes  Ihc 
circle  BCD,  it  follows  that  the  speed  in  the  hodograph  is  to  the  speed  of 
the  particie  (i')  as  the  radius  of  the  hodograph  is  to  the  radius  of  the 
circle,  since  the  circumferences  of  two  circles  are  to  one  another  as  their 
radii,  therefore  the  speed  (u)  in  the  hodograph  is  given  by 


where  r|  is  the  radius  of  the  hodograph  and  is  equal  to  v, 

.'.  «  =  — ■ 

r 

Hence  the  magnitude  of  the  acceleration  acting  on  the  particle  is  ^/r, 
and  the  direction  of  ihe  acceleration  is  towards  the  centre  of  the 
circle  in  which  the  particle  is  moving. 


/ 
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Hraoe  QX  repmcnts  t)ie  chanifc  in  velocity  dtitinti  the  time  M  Ifut 
l)ic  accekntion  is  dcliued  aa  the  chanjfc  in  velocity  during  a  |;ivcn  liniv 
(lividcit  by  ibe  time,  io  thai  tlic  acceleration  tvith  which  the  body  is 
nioving  bctwcun  n  and  c  is  given  by  QR;t/;  and,  further,  ibis  ■icccleration 

acts  along  qr,  t>.  along  ihc  ian];«it  At  ibat  point  of  the  hodogmph  which 
correspond!  to  tbe  point  on  the  path  at  which  the  accelciation  is  being 
considiered.  If  we  look  u|K>n  the  hodograph  a»  bcin^  ira<.-cd  out  by  a 
poini  at  the  siiime  time  as  the  particle  traces  out  the  path  abcd,  ilien  ibe 
portion  qk  will  lie  ttaced  out  during  ibc  time  A/  that  llie  panicle  sipends 
in  travelling  fioni  B  to  c.  Hence  n-c  might  call  the  tjuotient  {Jk/V  ihc 
»pe«d  '  of  the  iRicinj;- point  of  the  hodograph. 

We  may  therefore  sum  up  the  rtsiills  by  »ayJng  that  (i)  tlic  dirwtian 
of  the  lanaent  to  the  hodo^iiipli  at  any  point  represent*  the  dirrttioM  of 
Ihc  acccleraiion  of  the  motion  iif  the  particle  at  Ihc  ciirrciponding  point 
of  it*  path,  while  {;)  the  spocd  of  the  ItncinB-poini  of  the  hodograph  at 
any  inslnnl  represents  the  tKagnilude  of  ihc  acceleration  of  the  particle 
Bl  lh.il  j]ist;in1. 

42.  HoUon  to  a  Circle.— The  only  case  of  cur\-ilinear  niotjon  with 

which  we  shall    deal    is   tliat  irf 

J, ^^        uniform  motion  in  a  circle.    Since 

/  \      the   speed   is  constJini    ihc   hodo- 

graph is  a  circle,  for  ilic  lines  drawn 
,  z6)  to  re- 
a  pailicle 
circle  BCD  in 
m.-igniiudc  and  direction  will  all  be 
of  the  same  length,  the  speed  being 
constant,  and  hence  ihcir  ejitrc- 
mitie*  mum  all  lie  on  a  circle, 
Suppote  the  panicle  to  move  «-ith  ii  unifoitn  speed  c  in  a  circle  of 
radius  r.    Then  llie  bixlograpb  will  be  a  circle  of  radius  v  unii«  of  length, 
1-ct  A  (Fig.  a?)  be  the  centre  of  the  drcic  along  which  the  panicle 
movct,  and  ii  any  poiint  on  the  circumfeience.    Ai  i<  the  panicle  will  l)c 
moving  witli  a  ipccd  v  in  the  direction  of  the  lansent  bt.     Hence  the 

line  OP  in  the  hodograph  represent*  the  vcloniy  at  B,  anil  the  accelera- 
tion at  II  i*  in  ihe  direction  of  the  tangent  at  P,  i.t.  in  the  direction  PU. 
Km  since  bolb  ihe  palh  and  ihp  hodoRT.iph  are  circles,  the  tangents  are 
at  right  angle*  lo  the  mdii  passing  ihinugb  the  points  of  rninnct.  Ilencc 
UP  is  at  tight  an){l«s  lo  oi',  anil  rir  to  ah  Itui  ov  and  iir  arc  by  con- 
struction pamllct.  Hcnte  W  is  paiallel  lo  in.  LTho  ate elira lion  of  ihe 
particle  at  any  point  \\  therefore  along  ihe  raditu  of  iIip  tiivle  at  ilic 
point,  Ibc  sense  of  the  acceleralinn  Iwiiig  towards  ihc  centre,  i 

>  Tba  ■p*mI,  ir  twMUt',  1*  dallnMl  m  ia  1 31. 


/  \  Kraph  IS  a  circle,  for  ilic  lii 

'yl       /"  }  ftom  the  centi«  O  {fig. 

^/^  J  present  the  velocity  of  : 

"\^  __^^'  moving  along   the  circU 
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To  find  the  magnitude  of  the  acceleration,  we  re<iuire  to  know  ibe 
tpeed  in  the  hodot^raph.  Since  the  tracing-point  of  the  hodograph  will 
make  a  whtJe  revolution  in  the  same  time  that  the  particle  describes  the 
drde  BCD,  it  follows  that  the  speed  in  the  hodograph  is  to  the  speed  of 
the  particle  (t')  as  the  radius  of  the  hodograph  is  to  the  radius  of  the 
citde,  since  the  circumferences  of  two  circles  are  to  one  another  as  their 
radii,  therefore  the  speed  (s)  in  the  hodograph  is  given  by 

u     V 

where  r,  is  the  ladtus  o(  the  hodograph  and  is  equal  to  v, 

«=— 

r 

Heitce  the  magnitude  of  the  acceleration  acting  on  the  particle  is  i^/r, 
and  the  direction  of  the  acceleration  is  towards  the  centre  of  tie 
circle  in  which  the  particle  is  moving. 


/ 


4£  Mechanics  and  PropertUs  of  Alafter  g  46 

V'clocity  in  n  |{ivcn  Iim<:  divided  by  thst  time  is  cnltcd  ihc  angulai 
acrclcmion.  Angiiior  aixckratinn  may  \>c  tmiform  of  varinhtc.  Hinn 
ihc  angular  velocity  \\  m«i»urcd  by  the  niiyflc  »wcpl  out  in  unit  lime,  niul 
ibe  Angle  is  iii«a>iuml  by  the  nrc  swept  out  ditidc<[  try  the  radius  {(>. 
lingular  vclotiiy=(ait:-r-radius>/ti.n)c),  the  dimensions  of  anmtUr  vclocitj 
are  given  by  [01=11;/. •T■i)■^/]=t7^'].  Tbc  iraih  of  ilii»  rt*ull  will  be 
sppnrcni  if  «e  remember  that  tbc  anijiilar  velocity  does  not  depend  upon 
ihc  distance  of  the  point  considered  from  tlic  axj*  of  roiaiion,  i.f.  the 
sita  of  the  circle  described,  but  simply  on  the  time  taken  to  go  round  ihii 
tircle.     The  dimensions  of  Btipjlaracceleniiinn  are  (?^*].  r 

46.  Composition  and  Resolution  of  Rotations.  ~'Jn  order  to 
completely  define  a  llncat  velocity  v.c  have  seen  that  we  tcijuiro  to  know 
the  direction  of  the  velocity,  and  also  the  ma^initude  of  tbc  velociiyi)  In 
the  Mime  way,  to  dearie  a  luLalion  we  require  to  know  tlie  axi«  about 
u'hicti  tlie  rotation  takes  pliice  and  ihc  mntfniiudc  of  the  mialion,  r>.  the 
angular  velocity.  Rotations  may  be  compounded  or  resolved  in  a  manner 
analogoui  10  that  employed  in  the  case  of  motions  of  translation.  Tlius, 
if  a  rigid  body  ba^  simulianeoiisiy  applied  to  it  two  rotations  about  djlTe- 
rent  avei  p:issiiig  tliioiigli  a  fixed  point,  the  lesuttani  motion  cooMsts  in  a 
rotation  about  a  single  axis  passing  tbrout;b  ibis  point.  The  direction  of 
the  axis  of  this  resultant  rotation  and  it*  magnitude  can  be  obtained  by 
drawing  ihiougb  any  point  (<.>)  two  Mraigbt  lines  parallel  to  the  axes  of 
tbc  two  given  rotations,  and  equal  in  length  to  the  lingular  velocities, 
and  completing  Ibe  parallelogram.  Tbe  diagonal  drawn  through  o  will 
then  represent  the  axis  of  the  resultant  ralalton  in  direction  and  the 
angular  velocity  in  magnitude.  In  ihc  same  w.iy  we  may  resoh-e  any 
rotation  into  two  or  more  toinponcni  rotations  round  any  given  axes  by 
employing  ihc  methods  utrd  in  ^  38. 

47.  Defrrees  of  Freedom  of  a  Body.  —  In  g  16  we  saw  that  in 
order  to  deline  tlie  piisilion  of  .1  |>(>(nt  in  space  we  require  10  know  its 
distance  fiom  Mnv  fixed  pbini;!,  no  two  of  which  are  parallel.  Again, 
every  possible  way  in  whiih  a  |i;inicle  can  move  n>ay  be  rcsoU'cd  along 
tJirre  mutually  perpend icukr  hnes  or  axes,  and  ilie  rcsuliBnt  of  these 
ihiec  component  displacements  will  be  equal  in  the  original  dispbce- 
ment.  Hence,  when  the  motion  of  a  parlidf  is  unmtricled  by  any 
conditions  it  is  said  to  have  Ikrff  dfgrfrs  of/rrfd&m. 

Next,  suppose  the  panicle  is  constrained  to  remain  always  in  contarl 
wllb  a  given  suifncc.  It  will  ihen  only  posicis  two  degrees  of  freedom, 
for  wu  may  take  the  normal  to  the  surface  as  one  of  the  three  mutually 
perpendicular  directions  along  wbicb  the  motion  of  the  particle  may  be 
resolveiL  Sinc«  no  displacement  of  the  panicle  can  take  place  along 
this  diieclion,  or  tlie  panicle  would  not  remain  in  contact  tviib  ibe 
surface,  the  only  remaining  possible  independent  displacements  are  at 
right  angles  to  one  another  in  the  tangent  plane  to  the  Mirface. 

If  Ihc  particle  is  constrained  lo  move  so  as  to  remain  in  contact 
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«nitilUDa)Oaly  with  eadi  of  two  iiurfKrcs,  Ji  lias  only  oiie  degree  of 

frTcdam.     Far  it  is  con&lraiiKHl  to  inuve  aluiij;  the  liiw  wliteh  ii  coinnMin 

I  to  bo«h  MirtiurM,  />.  tl»e  line  of  imerscction  of  ibe  aurfacci,  ami  it  a  point 

-moves  t>n  a.  line,  il  c.111,  at  e.icb  point,  mil^r  move  iti  one  diiccliun,  which 

I  i*  that  of  the  tonKcnl  to  the  line  at  ihe  given  puitit. 

In  (he  tase  of  a  perfectly  uncnntt rained  eKten<l«i  rigid  body  u>c 
tiave  tit  AKf,nx-i  of  frecduin,  for  tn  addiiiori  to  the  thiee  iii<lcp«iit!ent 
mnntuiuns  posiiesscd  b>-  a  material  panido,  an  cxteiKlvd  body  U  abo 
capsdile  of  three  independent  rvtatiom  about  three  mutually  peipen- 
dTTTrtnr  axes^ 

If  nich  a  body  have  one  point  lixcd,  then  ii  lo»c«  sM  iit  [louible 
ntotioRR  oi  tnuvtlniian  (/j".  ihfce  degrees  t4  freedom),  and  is  only  cniuiblc 
oflhicv  nitalioiis  aboiil  axei  |Ki»4in),'  ihrough  the  Axed  point. 

If  imt  points  in  the  body  are  Axed,  then  in  addition  it  Iiisei  two 
wmikwta,  since  the  only  motion  of  which  it  is  now  tapahlc  is  a  tniaiion 
about  an  oxU  posftint;  thrmiKh  the  tw-o  tixed  points. 

If  ibiee  poinit.  noi  all  in  a  sirAiKht  Jinc,  arc  fixed  the  body  loses  all 
its  degrees  of  freedom  and  a  fixed.  We  thus  see  ihni  ir  we  are  ^iven  ilie 
posilioB*  of  sny  three  pmnts  (which  arc  not  all  in  the  same  sir.iif,-ht  tine) 
of »  body  il»c  pt'ii-.imi  of  ihr  body  is  completely  defined. 

4S.  O«om«trlcal  Clamps  and  SUttes.  — An  interesting  pra<:ttc;it 
apiilicatiun  lu  tlte  consiruciton  of  inatnanentx  of  the  principles  cnnnci* 
ated  in  il»e  {irevious  tcciioD  hiu  been  made  by  l.ard  KcU'iit,  ihe  impor- 
cuwc  iif  which  if  only  slowly  mniiinK  itself  felt  even  in  the  construction 
»f  •demiftc  insirtimcntt. 

Suppose  (hat  an  instrument,  standint,'  on  three  k|{s,  rests  on  a  hori- 
ntnal  plane,  then  it  bai  lost  one  translation,  namely,  (hat  perpendicuUr 
10  the  plane,  and  also  Vna  rotations,  the  only  rota- 
tion UA  being  a)>nui  an  axis  prrpcndicnlBr  in  the      4 
plane      If^  further,  one  of  the  legs  re^ts  in  a     A 
roaicU  holkxv  a  i.¥\i-  19)  the  insiruincnt  lias  lost  ^9 

aj\  its  translalians  b  addiiiuo  to  (w-u  rotations.  B 

11,  tfaendbrc,  vc  preient  ilic  only  degree  of  free- 
dam  left,  if.  the  rotation  atraut  an  axis  pcrpcn-  ,g 

iGcnlar  tn  the  plane  pavsing  through  the  oonicj)! 
Ur,  (hv  instnuncnt  will  be  iised  in  position.    We  '''"^  '^ 

may  proeni  this  rotation  by  allowing  one  of  the 
twn  tegs  which  now  rest  im  llie  smooth  surloce  of  tlie  table  to  n-sl  in  a 
V-slapei]  groove  b  pointing  towards  the  conical  hole,  the  third  teg  rest- 
ing nn  the  plane  suriiu-c  at  U  Tliis  arrangement,  called  the  hole,  slot, 
and  plane,  forms  a  gvome(rical  clamp  and  enables  us  to  renxn'c  tiic 
insininieni  and  yet  rTi>1nce  It  in  exactly  the  same  position  as  it  before 
ofxuiiinl,  and  this  without  any  conipbcatcd  arrangentrnl  of  screti-s  ami 
dLuti|M. 

As  an  «iam])ic  u<  a  gconwincal  sbde  w-e  may  take  Ibc  case  iltuuraied 
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in  Kig.  3a    Here  two  V's  (a  and  b)  attached  lo  the  body  rest  on  the  surface 

of  a  cylmder  (c  d).  Each  V  touches  (he  cylinder  in  two  points,  and  there- 
fore the  only  motions  left  to  the  body  are 
(i)  a  translairon  parallel  10  (he  axis  of  the 
cylinder,  and  (:)  a  rotation  about  the  axis 
of  the  cylinder.  Hence,  if  this  mtation  is 
reslrained  by  a  point  E  being  kept  pressing 
on  a  plane  fg  parallel  to  the  axis  of  the 
cylinder,  the  only  motion  possible  is  a 
translation  parallel  to  this  axis.  The  pecu- 
liarity of  a  geometrical  slide  is  that  it 
enables  us  to  obtain  the  desired  constrained 
motion  without  any  possible  rattle  or  loose- 
ness, which  in  the  form  of  mechanical  slide 
ordinarily  used  is  certain  10  be  found  sooner 
or  later,  owing  to  the  wear  of  (he  parts,  even 
if  it  does  not  exist  originally  when  the  slide 
is  new.  Want  of  space  will  not  [)emii(  of 
our  following  this  subject  any  further,  but 
those  who  are  interested  in  mechanical  de- 
sign will  find  that  a  careful  study  of  the 
properties  of  geometrical  clamps  and  slides 

fully  repays  the  lime  spent,  for  no  amount  of  good  workmanship  can 

compensate  for  bad  design. 


CHAFFER   VII 

PERIODIC   MOTION 

49,  Dcflnltlon  of  Periodic  Motion.— We  have  Iiithcno  conridered 
:  mntioo  of  a  body  to  lie  cither  uni(<>nn  orto^-ary  cortinuomly.  There 
,  kowever,  n  imi«  impotinnt  kiiui  o(  matiaa  ia  which  the  body  gocK 
ih*  Mane  series  of  mnveincnU  at  icgubrly  reciirrinf,'  inten-als. 
kind  of  movnneni  i»  caJled  periwlk.  U  in  addition  in  bcin^ 
pniodic  the  mutton  is  coniinually  bcinj;  reversed  in  direction,  il  is  mmI 
lo  be  v^BBtBTr  <*  OMiltitorr.  The  motion  of  the  earth  with  referente  to 
tlic  Mill  is  periodic,  sitK^  olihnii^  the  velocity  is  not  unifnnn,  yet  ui 
^ni^ihufy  teciitrinji!  imcrvaU  (the  j-cjit)  tlie  \-clocity  rc;^ins  the  Mnic 
The  motion  of  a  pcoilulum  or  ihni  »f  the  yaang  of  a  tunin^-foik 
(ample  of  Mcilkioiy  or  vibratory  motion. 
(50.  Simple  Harmonic  lioilotL— If  we  look  at  a  panicle  >-hich  is 
tnorini;  unifonnly  in  a  rirtle  (iiQN,  Fig.  31)  from  some  point  P  in  t)ie 
pbnn  in  which  the  purtide  is  moving,  luul  from  «omc  <liiiance  offjlhe 
IMinkde  will  appeir  to 
now  biKkwards  and  fair- 
wwdi  iliin^  a  (iniiKhl 
l(ae)>nc.  \Miilrtl»c  p-it- 
'  ~  ~ !  iMtves  (n«r  the  ate 
'11,/b  jippeun  to  be 
'~ "  fmiti  left  to 
I;  ilwill  then  appear 

ij  lo  come  to  Fki.  ji. 

■■  it  teaches  ibe 

Itmit  of  its  path  to  the  right ;  then  it  will  atart  movin};  to  the 
at   fmt   slowly,  but   <nlh   increasing  speed  till   it  appears  in   line 
vnh  the  centre  O  of  the  circle  on  which  it  is  a«lunlly  inovini;.    The 
will  now  appear  to  diminish  till  the  particle  oxnes  to  rest  for  a 
ni  Ml  the  extteme  leA-hond  limit  K  of  its  paik     It  will  then 
111  linvel  (o  ihc  liiChl,  the  speed  incnMBnjt  till  it  paues  the 
iben  dimiiiishinh;  ittl  it  a^ain   reaches  its  extreme  ritrht-hand 
~|HiUCMn.     Now  ill  the  linie  the  (Kiiiicle  is  in  reality  nM>vin>;  ai  a  unifiuin 
•fieed  in  a  rintle,  and  when  ii  upjicars  :i[  mt  tt  ii  only  nwvinj;  riilier 
<■  ■  ■  .1  ,\nl»  or  away  ftwm  our  eye-     Thtis  when  tlkc  parlii  Ir  it  lit  il 

ii  '■)/  mnmeniaiily  along  (he  line  Mf,  wliicb  is  a  tan^'ot  to  tl>o 


52 


MecJianics  and  Properties  of  Matter 


[§5= 


circle  passing'  through  ?  ;  and  hence,  since  we  should  be  unable  from  P  lo 
delect  this  mo\-ement  in  the  iine  of  sight,  it  would  appear  at  rest.  In  the 
same  way  at  N  it  is  really  moving  in  the  direction  PN',  although  it  appears 
stationary.  When  it  is  at  Q  or  q'  it  is  moving  at  right  angles  to  the  line 
of  sight,  and  hence  appears  to  move  with  the  greatest  speed  ;  at  ij  from 
right  to  left  and  at  q'  from  left  to  right.  If  the  point  P  is  at  a  very  ureat 
distance  from  the  circle,  the  tangents  pm  and  PN  will  be  parallel,  and  nm 
will  be  a  diameter  of  the  circle.  J 

'/      It   will   save   circumlocution   if  we   suppose  that  a  second   panicle 
'moves  to  and  fro  along  the  diameter  MN  (Fig.  32)  in  such  a  way  that  it 

always  appears,  when  viewed  from 
a  great  distance,  in  a  line  with  the 
first  particle,  which  is  moving  in  the 
circle  nqm.  This  means  that  this 
second  particle  is  at  any  moment 
at  the  foot  of  the  perpendicular 
drawn  from  the  position  of  the  first 
particle  10  the  diameter  MN.  Thus 
when  the  particle  which  moves  in 
the  circle  is  at  the  points  a,  b,  c, 
&c.,  the  other  part'icle  will  be  at 
a.  b,  c,  &c.  Suppose  the  one  par- 
ticle makes  a  complete  revolution  in 
two  seconds,  so  that  it  traverses  the 
semi -circumference  NQM  in  one 
second.  Since  by  supposition  it 
moies  with  unifonn  angular  velocity  (g  45),  if  we  divide  the  semicircle 
NVM  into  ten  equal  arcs,  NA,  Alt,  liC,  5:c.,  each  of  these  arcs  will  be 
traversed  in  n  tenth  of  a  second.  If  then  we  draw  perpendiculars  to  the 
diameter  mm  through  all  these  points,  the  feet  of  these  perpendiculars, 
i.f.  the  points  ii,  6,  c,  li,  &c.,  will  represent  the  positions  of  the  particle 
which  moves  along  the  diameter  at  i\f,  ^,  ■^.  &c.  second  after  it  Ica\-c5 
N.  In  order  tn  find  the  distances  oa,oi,  oc,  &c.,  of  the  particle  from  the 
centre  o,  we  join  the  points  A,  n,  C,  &c.,  to  the  centre.  Then,  if  a  is  the 
radius  of  the  circle,  wc  have  the  following  relations — 

0-l=it  cos  A()\', 

Oi  =  'l  COS  nON"  =  <J  cos  (2.AOS\ 

<i-=ii  cos  cn.\=i7  cos  (3.AON),  &c. 

If  u  is  the  angular  velocity  of  the  particle  moving  in  the  circle,  the 
a'l^'li-  sivppt  out  hy  the  radius  joining  the  particle  to  the  centre  in  one 
second  is  m,  and  licnre,  since  during  a  compicie  revolution  the  angle 

swept   out   is   ;-,   the   p-irlicle   will   make  a  complete   revolution   in   ?^ 

w 

seciinUs.     lliiswill  therefore  represent  the  time  which  elapses  between 
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two  coRMCuiive  pa»«a4;cs  in  the  aime  dirteli^n  of  ihe  panicle  l)iat  movn 
alun^-  MN  ijirough  any  si\-cn  poini  in  il»  path,  and  is  cnllnl  Uit  frrtodic 
timt,  or  f<friod  of  ibe  oitiUntory  moiion  of  th!  particle. 
V^*  U  wt  start  n>piiiurini{  our  time  from  the  instant  irheo  both  the  par- 
licte»  urn  «  N,  atid  ull  the  dbtuncc  of  llw  vibralinK  panicle  fnini  the 
ccatn,  O,  X,  X  being  putitive  nlien  tbe  pjutide  it  to  the  right  ot  u  and 
Mgauve  when  h  ■«  to  the  l«lt  of  o,  then  at  a  time  o,  J''>a;  at  i  time 

-  /s,  J—  -a,  siiKc  the  pamcic  will  now  be  at  M.    If  !•  is  the  position  of 

■he  [xanicte  moving  in  the  circle  .iiiil  /  that  of  tbc  vibrating  parlick  ai 
the  tinM  /,  we  Iwre 

x^a  coa  POS. 

N<nr  i-oN  i«  the  angle  su-ept  oiit  by  the  pntricle  moving  In  the  circle  in 
the  limr  A  HeiKi;  the  annk  POS  — W,  for  (J  4;)  u  is  the  angle  swept 
out  m  onit  time,  and  tberefbre  W  U  l1»c  angle  owept  out  in  the  time  I 
Therefore  ,.  „     ,  i,\  i 

J-— «  CO*  tit     ...       .      (i,\  j^_ 

When  /— D,  co«u/*i,  iind  Ii«i«mx=<i,  a  result  already  obUtined.  When 
r-w/m,  f.f.  half  a  period  Utcr,  .r=*rcoa  «»x— "it  cute-  -n,  that  i»,  the 
ponitJc  i*  at  H.  Wlicn  /•■sr/a,  t'.f.  a  whole  period  aitcr  tbc  start, 
x>«  COS  —.  --  otf  CO*  :r»it,  and  tl>c  panicle  is  lack  at  tt.     When 

t  ^rfam,  or  3T,'3tt 

a-  ■■ 

^-if  Ooe  «!.— --a  (»»-«=  O 


'1*  cos  •.*-—•«» 


?-«. 


umI  hence  the  panicle  is  at  o.    Wo  ihu»  see  how,  for  tome  eaailf  recog- 
iiiiari  piHriians.  cquulion  (l)  givet  the  poiilioii  ol  the  vibrating  particle  in 

KfBM  of  ihc  tiRtc 

A  partial*  'hnl  moves  to  and  ftn  aton^;  a  line,  Rich  ai  MS,  in  llie  way 
ife  pamcle  alM>vc  ronsideicd  does  ^">'  ^o  iluit  its  position  with  lefereiKC 
Mil,  the  middle  point  of  Mv,  U  iilwayft  tC'ven  by  ci|uation  ii)  above,  is  said 
10  moMi  Kith  a  timpit  Aurm''n.t  motian.  Sucli  a  movement  wc  shall  in 
fntwc  indicate  by  the  iniliaU  S.H.M.  TIjc  reason  for  giving  it  ibis  DAme 
will  appear  «h«n  we  come  to  !:tiidy  AfOUMirs,  for  it  will  be  found  ihu 
imM  of  the  nunemertia  witli  which  we  Mrc  there  concerned  arc  S.H.M.'s, 

Tlw  maaimum  distance  from  the  median  posiiiun  o,  attained  by  t 

IMnide  vlikh  ii  exemtinK  a  S.H.M..  is  called  the  amfilituJe  {»).    It  will 

^-  -  ■      []  thai  ihe  ainpliti«de  (ir)  U  cquni  to  the  radiu*  of  tlic  circle 

33)  iHcd  in  define  the  S.H.M.     Tliis  circle  ii  called  the  drdt 


■gle  wluch  the  radios,  pauing  through  the  |nnicle  in  Ore  drde 
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of  reference,  jnakes  with  the  positive  direction  of  the  path  of  thevibratinf 
panicle,  i.e.  with  on  (Fig.  32),  is  called  the/i/mtf^of  the  particle  executing 
S.H.M.  at  the  corresponding  instant.  Thus  when  the  vibrating  particU 
is  at  N  the  phase  is  zero,  when  at  P  the  phase  is  equal  to  the  angii 
PON.  We  have  seen  that  the  angle  I'ON  is  equal  to  al  where  a>  is  th< 
angular  velocity  in  the  circle  of  reference,  and  t  is  the  lime  counted  froir 
the  passage  of  the  vibrating  particle  through  its  position  of  maximum 
positive  elongation. 

Instead  of  starting  to  measure  the  time,  or  what  comes  to  the  same 
thing,  the  phase  of  the  vibration,  from  the  instant  when  the  particle 
passes  through  the  position  of  maximum  positive  elongation,  it  is  often 
more  convenient  to  start  at  the  instant  when  the  particle  passes  through 
its  mean  position,  o,  when  moving  in  the  positive  direction,  so  that  both 
the  time  and  the  displacement  are  measured  from  the  conditions  of  the 
particle  when  passing  through  O. 
^  (  Supfiose  we  measure  the  phase  from  the  line  Oy'  (Fig.  3;)  when  the 
particle  is  passing  through  O  in  the  direction  from  M  to  N.  Let  P'  be  the 
position  of  the  particle  in  the  circle  of  reference  at  a  lime  /  afler  the 
start  from  q'.  Then  0/  is  the  displacement  of  the  particle  which  is 
executing  a  S.H.M.  along  mn  at  the  time  /.     Now 

op=,i  cos  P'p^ 
=  a  sin  P'OQ' 
=(i  sin  4*, 

where  iji  is  the  phase  measured  from  Ofj'.     As  before,  since  we  are  now 

nieasurinj;  time  from  the  instant  the  particle  in  the  circle  of  reference 
passes  through  ■/,  *  =  «/. 

I  lence  the  displacement  .v  is  given  by  the  equation 
^■=11  sin  01/    .    .         (3). 

Thus  the  form  of  the  expression  for  dctennining  the  displacement 
depends  on  whether  we  start  measuring  our  time  from  the  instant  when  the 
particle  is  at  its  extreme  clongiitioii  or  when  it  is  passing  through  its  mean 
position.  The  motion  represented  by  the  two  expressions  is,  however, 
the  same,  if  the  quantities  n  and  <i  have  the  same  values  in  the  two  cases. 

If  i'"is  the  jjeriodic  time  of  tlie  S  H.M.,  then,  since  the  particle  moving 
in  the  reference  circle  with  uniform  angular  velocity  in  will  complcle  a 

>vhole  rotation  in  a  time  " -  ,  "c  have 


or  01=  — 

The  number  of  periods  per  secund,  or  the  number  of  complete,  i.e.  ti>- 
and-fro  oscillations  per  second  ;  or,  what  amounts  to  the  same  thing,  the 
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StH^e  HarmoHK  Motion 

Monhcrof  rcvoliniom  in  the  circle  of  tcri;Tcncc  per  wcoiul  la  culW  ilic 
jhnwKxrf  ttic  S.H.M.     Hkoix  if  N*  is  tlic  ftcitucncy, 

"S-S- 

6L  Velocity  and  Acoelerallon  in  S.H.M. -The  velocity  of  the 
fWOCle  in  ihc  circle  of  icfcrcmc  al  .1  paid  V  (1'  ig.  33)  ii  am  (§  45)  along 
dw  uagcni  rr.  Wc  nay  rcvilvc  ilii« 
wkidljr  aloog  direclioBs  Pit  and  pa, 

panJtel  and  pcn>cni^'<^^r  <"  >"'• 

Let  u»  mcaiure  tl>e  pbiue  ^  friMn 
ifac  iiuUnI  a-hrn  ibu  purtidc  pa^scx 
ihrouKh  the  mean  patiliun  riom  IcA  to 
ligbl.  Now  PT^ilic  lonxcni)  i»  pcrpcn- 
■licolAr  to  Ol*  ((he  radiiM),  and  Vi\  is 
peijieailicular  to  og;  therefore  tliean^lc 
TFB  a  cqnal  lo  ibc  angle  fiOV  or  ^. 
Hence  ilie  componeni  alon^  I'll  of  ilie 
velocity  ad  ui 

WI  CO)  ^, 

Tba  eomponcni  of  ibc  txtocity  ai  ri^jhi 
^ufles  tu  UN  onnot  uiTcct  the  sp-ncc  paucd  o%'cr  |iaralk'1  to  mn,  so  ih.tt 
if  wc  unly  txrasider  the  tuolved  pail  of  ilm  muiion  of  p  lumllcl  to  mk, 
ihc  velocity  at  any  point  woulil  be  uw  c<n  ^.  Itul  this  molvcd  part  of  F** 
t»>tiiia  is  tlic  tsme  ss  Ihc  motion  uf  the  |Miiiicle  which  cxctuii's  n  .S.Il.M. 
akwK  MN,  and  of  which  r  move*  in  the  circle  of  reference.  Hence  the 
vchKHy  .r  *  of  the  panicle,  moving;  with  S.II.M.,  when  at^  is  given  by  the 

"l^"**  i--«rtCOS*. 

But  004^—  ^/6p—  J(oP-^*X'op—  ./(d"— .r*)/ii,  where xii  tbcdU* 
nt  nf  the  jMnicle  from  lis  inenn  posttion.     Hence 

Wte>  -r—  -f-ii  «r-tf,  ibnt  if,  wlicn  ihc  pAtitcle  is  at  the  points  M  or  m, 
ly  i"  it  ictol    Thi«  ix  aUo  criiicni,  since  at  ihcsc  potniv  ibc 
ilic  circle  of  Tcfetenoc  is  moving;  at  hglii  an)i:I«t  tu  mn.     The 
'  'C  of  roitnirs  wbpn  x-~0,  and  in  -tv,  us  u  ei'Uleni,  since  at 
(I  il.<  iif  ihv  putiiclc  exFcutbg  the  S.H.M.  i>  ttie  lamc  a*  that  ol 

tbe  panicle  ui  the  circle  of  reference. 

The  acceleration  of  a  point  movinK  in  ibe  reference  circle  with  a 
bwar  ipeed  v  i«  conuant,  ilin;rted  towards  the  centre  and  fi|<mI  to 
,«^/«Q  4]>>     B«t  P-it",  hence  ihc  acceleration  i»  equal  to  ■tm\ 

This  accdanilkm  may  be  resohed  parallel  and  peipcndicular  to 

■  Tb>  *yBbc<  t  b  veil  to  imfM  ilw  vdodtr  of  tbc  puikk  whoi  in  itUpUanKiii 
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MN,  and  the  component  at  any  point  parallel  to  mn  will  be  the  ac- 
celeration in  the  S.H.M,  at  the  corresponding  point.    The  component 

alonj;  Py  (Fig.  34)  will  be  aai*  cos  OPy  = 
ai^  sin  ^,  hence  this  is  the  acceleration 
in  the  S.H.M.  at  /.  Since  at  /  the 
velocity  of  the  particle,  which  is  positive, 
is  decreasing,  the  acceleration  is  negative 
(S  3^)'  This  is  also  evident  from  the 
figure,  for  P?*  is  in  the  negative  direc- 
tion. 

We  found  in  §  50  that  the  displace- 
ment {i.e.  Op)  at  a  given  point  p  was 
equal  to  a  sin  0.  Substituting  this  value 
for  a  sin  ^  in  the  expression  for  the  ac- 
celeration, we  find  that  when  the  dis- 
tance of  the  particle  from  the  median 


position, 
given  by 


or  the  displacement,  is  equal   to  x  the  acceleration  J '  is 


S=  -a>*X. 


I      This   shows,  since   a   is   constant,   that   the   acceleration   is   simply 
[proportional  to  the  displacement,  and  always  acts  towards  the  centre  O. 

S2.  Harmonic  Curve. ^Suppose  we  have  a  particle  executing  a 
S.H.M.  along  mn  (Fig.  35)  of  period  T  and  nqm  is  the  circle  of  refer- 
ence.    Then,  supposing  the  particle  to  start  from  its  median  position, 


Fii;.  3i- 


let  us  draw  a  diagram  in  which  the  time  ii  measvired  aloiij;  ox,  and  the 
displacement  of  the  particle  from  its  imdiim  position  along  nv.  Since 
the  parliclK  is  supposed  to  start  from  i>,  the  displacement  at  the  lime  O 


'  'V\k  j.vintiol  j'  \\  ii^^rl  In  ilcniiU'  (In?  jircchTiui'Ti  with  «liic)i  Lhe  |>^irlicl'"  isiiHiving 
\sh4^tL  Llie  ili:^pLici;iiictLt  i^  a. 
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wHl  be  Tcro,  At  a  lime  T?]  later  (he  particle  will  have  aii-ain  come  hark 
lo  t/,  and  ihe  ili^ilu<»neni  will  ji^stin  be  ter<x  Hence,  if  nil  rcprcwni^ 
die  time  T)-i,  the  dii-placenient  at  tlii*  }inint  will  be  icra.  A  point  (a)  luOf- 
way  between  O  and  »  will  rcprcsctil  a  time  7''4,  and  ihc  displaccnieot  at 
tiiis  time  is  #'»■  since,  Maning  rrnm  i^  in  tlic  circle  of  lelt-rvnce,  the 
pttnkJe  in  }  of  tbe  time  (?')  taken  to  ntahe  a  whole  rt^'olutiuii  will  have 
tnrened  J  ot  the  circumference,  arJ  will  thcrefoie  be  at  m.  Hence  at 
A  arc  erect  a  perpendicular  Ka  cqtiuJ  to  ii'm.  At  the  point  <:,  which 
ooncqiiiNid*  tu  a  time  3J'*,'4,  ihc  particle  will  he  al  ^,  and  hence  the 
dtqilaccineai  is  oXc^l'ial  in  magnitude  to  the  rlispUcemcnt  »i  ii,  but 
a|>posite  in  ditccttcm.  Wc  ihetcfore  diaw  cv  in  the  oppoMtc  direciion 
to  KOy  and  make  it  eciual  lo  (''N  or  i^M.  At  a  linie  T  ihe  [lartlclc  will 
have  cucnpleted  a  vibration  and  will  be  liai-k  at  if,  m  that  the  dii|)lacie-1 
mem  at  Ii,  where  oi>=  7",  it  xcro.  If  we  drew  otdiniites  lo  rcpi'ctcni  ihe-1 
dbplaccmciU  nt  intcrmeduite  litncn,  and  then  drew  a  line  ihniugh  the 
c^itn:mitic»  lo  tbe>e  nrdinaics,  wc  xbould  obtain  the  wavy  curve  cuinlirr. 
Tlui  cun'«,  which  represents  the  rclaiion  between  the  dif^ptacemcnt 
of  -^  i-  r  —irle  which  is  exccntintr  S.H.M.  and  the  time,  is  called  the 

J  (119  ■.ur*-e  b  of  great  ililrrcil  front  it*  bearing  on  many  physical 
proMemt,  M  that  it  will  repay  ui  if  wc  invcstlsaic  a  few  of  iii  propcriic!i. 
SuppoKC  thai  at  the  Imw^/ihc  particle  rxcuTminn  S.H.M.  'naxp,  so  that 
Itic  corrcspondinji  points  in  the  circle  of  icfcrence  and  on  the  Iwrnionic 
rarve  are  r  aitd  /'  rc^ixviively.  Tlteii  the  diaplacenient  is  dp  or  v'fi. 
Nimr  j'/— lY-^'Pstng^'i'-Mua^  where  a  is  ibe  ainplitnde  and  ^  is 
iSe  angle  v*'p'.  HcBce  p'jj'-.iwn^  Now  ^— »/,  therefore  p"/^— 
•tun  W. 

In  tbe  harmtmic  cune  tbe  nbMriss^r  rcprrMrni  die  lime,  so  that  Ol^— /. 
Hence  if  we  call  the  abscissa  of  any  pcHoi  o«i  the  harmonic  curve  s  and 
the  otrrt^^ding  ordinate  /,  since  /  ••  py  and  j- — OP"— /,  wc  gel 

_f  dMn*i.r. 

The  harmonic  ctirva  is  therefore  MMiietiines  called  the  aint  e/  lineA, 
being  Mtdi  thai  the  ordinate  at  any  point  ii  proportional  to  the  sine 
ml  on  angle  whidi  in  il»cir  proporttonal  to  tbe  alMcisu. 

Tbe  actnal  furni  of  the  curve  depends  on  the  amplitude  a  and  on  ihe 
anyobr  i-elacitr  ••  in  the  reference  circle  of  the  S.H.M. ,  or,  sine* 
•»•  w/T",  on  the  pcrodic  linte  of  the  S.H.M. 

63.  ComposltlDn  of  Simple  Harmonio  Motions.— s.H.M.'»,  like 
any  other  form  uf  motion,  cm  be  comjxiiituled,  ^likI  the  compo»rlion  can 
in  tcencnil  be  best  eflccied  b>-  a  gcMncirical  ntethod  by  means  of  their 
arriet  of  reference. 

Tbe  timplnt  ca*c  b  that  of  two  S.H.M.'*  m  the  same  direction,  nl 

<  «  It  Ihr  /lav  irf  Iha  illnnat  tnmsami  ftvm  tbr  Imbnl  wtxn  Ihe  putlrlr  la 
mitIoc  itiroocti  Va  ■can  pothMi  (n*  {  jo). 
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ihc  tame  pcrincl.  .-ind  c(|uiil  umpliludo.  IT  ihc  plinscs  »n  itic  miiw,  the 
nriultantwillbea  S.II.M.  of  ilie  mine  period  and  p)iaie as  the  consliluent 
inulicMi!!,  ))ul  of  double  the  aniplilude.  The 
S.  H.M.'s  being  in  the  witne  phase, the  lemiltani 
displacement  nt  aay  momrat  will  he  llie  sum 
of  the  tn-o  component  displnirentcnis  '■<'-  since 
tlie«c  are  ci^iul,  lM-icc  either  of  thcin.  This 
double  dispUccmenl  is  cxsctly  what  would 
iHx.tir  if  the  tadius  of  the  circle  of  reference 
were  twice  »»  great  as  in  the  auc  of  the 
component  nuiiions,  for  ibe  triiinglcs  im/  And 
QO/  (Fiif.  36)  ure  sjniihir,  and  hence 

pO    PO 

If  the  [ihases  <if  the  S.H.M.'s  differ  by 
half  a  peiiod  (180^  they  will  exactly  neutmhsc  each  other  mid  will  pro* 
ducc  rest,  ihc  displacement  nt  :iny  in^-tatit  due  in  i>nc  moiioii  being 
exactly  eigiiul  and  opi|)osite  10  that  due  to  the  otiier. 

Next,  suppose  the  Iwo  S.H.M.'s  are  at  right  angle*,  but  of  Ihc  same 
period,  of  equal  nniplitudc^,  and  In  the  same  phaic.     I.ct  one  motion 

take  place  aloiiji  Kl.  (Kig.  37)  and  the 
oilier  along  MN,  and  let  KMI.V  be  the 
loinmon  lirrle  of  icfcrencc.  Divide  the 
•  ill  iiriifcrence  of  this  circle  into  an  even 
number  of  equal  parts,  say  twelve,  and 
through  these  points  draw  lines  parallel 
to  KI.  and  UK  as  in  ?'ig.  37.  As  the 
S.H.M.'s  are  in  the  same  phaie.  the  ck. 
treiiie  positive  elongntion  will  occur  at 
the  same  iniiant  in  each.  Hence  If,  ns 
is  ususl,  we  conoidcT  from  o  tn  i.  to  be 
_  the  positive  direction  for  one  motion,  and 
p'  from  o  to  M  that  for  tlie  other,  1.  will  be 
Ibe  position  i>f  mnximum  positive  elonga- 
tion f6r  one  and  M  for  the  other. 
SUning  then  from  the  insinnt  when  both  (he  motions  arc  passing 
through  the  position  of  test  <\  and  the  positttx'  displacement  is  increas- 
ing, the  points  .1,  b,  .1/  will  rpj-rcient  the  diaplacemenls  at  limes  y/ll, 
■xTh^y  and  jJ'i;  tlue  10  the  S.H.M.  along  VM,  while  the  points  c,  d,  \. 
will  repretent  the  displacements  at  ihe  same  instants  due  to  the  motion 
along  Kt..  Henrc  the  actuiil  displarcmenl  of  a  particle  which  is  moving 
witli  the  two  S.H.M,'>  will  be  o,  f,  f,  y,  A:c.  The  lesuliani  motion  is 
ibciefote  along  tlie  straight  line  (jg',  which  is  iuclined  ai  4J°  10  the 
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dirraiofu  of  ibc  1*0  S.H.M.'s.     For  the  tunpliludc  and  fretiaency  of 

|](c  |V4>  nxMiuni  bvint,'  the  tvat,  the  tliipiuiceuienls  or,  Od,  and  oi.  ar« 

vi|mU  to  ihe  disptAcanenti  CM,  O^  and  OM  rvxpectively. 

Since 

OG-OZ/co»45";  Q/'-C/J'/ 00*45*;  tJt-A^oD«4i', 

it  follows  ilkai  ihc  resultant  dUpLmincnt  is  alwuys  equal  l»  ihc  corrc* 
ipoiKling  dispbcaneM  in  t»\v  of  ihe  coinpooent  S.H.M."*  dindrd  by 
ihe  cnaine  of  45'  or  Ij'^/I.  Now  ilic  displaccmcni  .1*  alont;  ki.  lait  be 
repntrnicd  by  the  equation  r^a  sin  W  (§  jo).  Henoc  ibc  icvultuiil  dii* 
pbcmtcni  along  cjtj'  can  be  repi«Mnied  by 

J?B  ,^jf  sin  W.  I 

ThU  re|»ec»cjii«  a  S.II.M.  of  which  tbc  perioi!ic  time  is  Ilic  same  as  thai 
of  the  ln-o  co«ip»iicnti  (■  beinj;  ibc  none  fur  all  ihtLi:),  and  of  nhiih  Uie 
tnnjilrttide  is  ^':^. 

II  ihc  two  S.H.M.'k,  inttead  of  bcin;;  in  tlic  same  phase,  (KAer  in 
pluie  b)'  half  a  period,  or  iSo*,  then  the  rcxulntiit  motion  will  be  as 
&H.>L  along  fF'af  ampjitnde  .J2JI, 

If  tl>c  two  components  differ  in  phue  by  tjtf,  or  a  quarter  period, 
whro  unc  S.H.M.  \%  M  its  extreme  clonK»lion  <ho  other  will  be  passing 
■luiaugh  its  poaiiioa  of  rest.  Su|>pu3C 
thai  wtMTD  the  movioj;  panidc  is  at  the 
pDini  of  extreme  pmilirc  ckmj^lion  (m), 
'■K-  3B,  OS  &r  u  iu  motion  alone  MK  is 
enaccrnMl  il  is  pn^^ing  ilitou^h  o  fiom 
kft  to  riKliI,  on  in);  to  ihe  motion  a.\<sn^ 
KL  TTien  at  stti'ccMive  intcn'aUof  'J  1 11 
■I  will  be  duplaced  to  /,  it,  o  ictpcc- 
(H«!y  with  rcfcrciKc  to  one  motion,  and 
tp'^'/t  ■■  with  lefercncG  to  the  other;  and 
iMcar*  iu  reauliant  position  nill  be  <■,/. 
U  Ac  The  resuliaoi  niotKHi  will  thus 
be  uniranu  motion  in  tbe  circle  of 
reicTvnrc   in   the  direction   Ul.KK.       If, 

huveici,  H'hcn  i1i«  panicle  i»  displaced  in  1.  I>y  (be  horitonul  motion,  it 
m  paawii);  tlnvu^h  »  in  tlic  dirt-ttion  Noxi,  llw  multaoi  inoiioD  will  be 
fai  the  cinte  of  lekrence  but  in  ihe  direction  lm  kn. 

For  .i:ir  other  iliiTerencc  of  j>Iu»  the  rtiuitani  motion  vill  be  tn  an 
d'  h  will  touch  all  fnnr  lidcx  of  the  »)uarc  r(jl''<j'. 

I  nri  ihn  anipliiudcs  ••r  periods  of  the  lira  component  S.H.M.'s 
•uc  diiMnenu  we  ainoot  ««e  the  Mnw  circle  of  lefemice  foi  the  mo 
HMkm.     Suppose  ihe  period  of  the  vertical  S.H.M.  ii  3/3  that  of  tbn^ 
bnrlaoaisl  S.U.^1.,  and  (be  amplitiidc  of  tbe  nsrtical  motion  ii  i;^  that 
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llieliorinMital,  ihr  pki»c»  being  the  same.    L«  M'AN'fFig.  39)  and  K'Bi.'be 
llic  iwo  titclc*  of  reference,  ilie  iliameicr  it's' l>eing  i-^  ihc  diameier  k'l', 

sinue  llie  aiiipliiude  of  the 
n7  moijon  ulong  MN  is  1/3  of 
that  aloiiK  Ki-  The  rirrunv 
ferenc<-&  of  these  two  circles 
inusi  next  be  divided  into 
p.-trlE  ihai  are  Iravcr?^  by 
\\v  tracinii- points  in  equal 
iimc«.  It  it  convenient  10 
divide  (he  quadrani  iaio  a 
whole  number  of  part*  in 
eaiih  tnsc,  hence  in  the 
above  example  we  divide 
ihe  rirrle  m'an'  inio  eight 
parr*,  and  the  circle  k'bl' 
into  twelve  parts.  The 
perii.iil  of  the  inoiion  along 
MN  beinj-  ;/3  of  that  along 


ritt39. 


KI,,  the  1  racing- point  of  the  tircle  m'as'  will  Inivi-rse  Ihe  dretimferentx, 
while  the  I  racing -point  of  the  finle  K'li!.'  traverses  3/3  of  the  circiini- 
ference.  Hence  the  iracinK-pi>int  in  m'an'  will  traverse  1/8  of  the 
circumference  in  ihc  lame  limc  tliai  ihc  traciii^'-poini  in  k'hl'  traverart 
1/8  of  aj'3  or  '.''2  of  the  circunifereoce  ;  and  Iiculu  ■«  have  divided  the 
eirclet  so  that  the  arcs  will  be  iruvctsed  in  equal  times.  The  phase  of 
the  motions  being  the  same,  the  two  r^iireme  positive  e]nn>^lions  occur 
simulinneously,  and  the  particle  sUuis  at  I'.  At  the  end  of  the  interval 
choxcn  for  snbdividinj{  the  ciicle*  it  ha»  moved  down  10  «,  and  biwi- 
tontally  to  il,  and  hence  its  poiiiiun  is  at  Q.  At  the  end  of  the  next 
interval  it  lias  moved  diimnwaids  to  ^,  and  hori/onlallyto^,-  it  is  therefore 
at  K.  Similnrly  it  travels  to  »  and  T.  At  T  the  panicle  ha.i  reached  its 
extreme  elongation  in  the  veiiical  direction,  and  hcnte  it  now  begins  to 
move  upwards,  and  during  xhi  next  interval  11  teaches  c.  It  continues, 
however,  to  move  to  the  left  in  the  horiinnial  diretiioii,  and  at  the  end  of 
the  inteival  is  displaced  10  k.  The  ortiiat  position  is  thus  V.  In  a 
simitar  manner  ihc  (Kisiiion  ai  the  ends  of  the  remaining  inicrvals  can  he 
foimd,  and  the  path  will  be  given  h;'  the  line  fBrKtu-'.  When  the 
particle  reaches  the  point  r',  which  il  doet  after  one  complete  period  of 
the  slower  vibration  (1.1'.  the  horitonu!)  and  one  and  a  half  petiods  of 
the  (aster,  it  will  retrace  the  path,  returning  In  r  after  two  cnnplete 
periods  of  the  slower  S.H.M.  and  three  of  the  fauer. 

If  the  phases  of  the  two  components  are  not  the  sanic,  the  resultant 
motion  would  be  dilTerent ;  the  method  of  drawing  the  cun-cs  is,  however, 
(he  same  as  in  the  above  example.  Some  of  ihe  figure*  obtained  are 
given  in  Fig.  40^  where  the  phase  of  the  scrticat  S.H.M.  it  increased  by 
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4j'  Ixnwren  ench  figure  and  ilic  n«xt.  liiFtg.  41  another  serin  of  curvn 
B  Kivcn,  in  alikh  ihe  pcriodi  of  tbc  coniponem  S.H.M.'a  are  aa  1 :3,  the 
unplimdc*!  lieini;  iIk  ^mc.  In  iha  case  tlie  plusc  of  tlic  S.H.M.  of 
sbartcT  period  i»  advaiu-ed  hf  30'  belween  each  li^urn  and  ihc  next. 

Tbc  Above  ate  all  exaiiipica  of  tbc  compo^iiion  of  two  S.II.M.'x,  the 
periods  of  vbich  ate  comrncn&urnte  ;  lli.tl  Is,  the  ratio  of  the  pcriodi  \% 
etpicsMd  by  timfilf  whole  nunibvra,  &o  that,  after  a  comjiarat^'cly  shun 
BOK,  ctgiMl  10  tbc  kaK  oominoii  ntvastire  of  ilie  periodic  tinted,  [lie 


panide  »ill  come  hack  to  its  xtarting-poini  and  the  curve  will  then  be 
retraced.     If.  hon^vei,  tbe  pcriixls  arc  not  cnnimcuKiirablc,  ihc  pa(tl<'lc 

^^      arill  not  iatat  bftck  to  '\i%  starting -point  till  aficr  an  intiniie  number  of 

^B     coRtpleu  perioda;  thai  is  nM  at  all. 

^V  There  i»  one  cue  wfakli  is  of  considciable  inierest.  lliat  n,  when  the 

period*  can  very  neatly  be  represented  by  iwo  simple  whole  i^umbeiv    If, 
for  insuncc,  the  period*  are  as  2:  t,  tlien,a*  webavc»een,i>«  get  a  seiies- 
of  cnrvu  according  10  the  diflereitcc  in  pba^c  bcin-ccn  the  component 

^^a      wotioii)  i  in  each  case,  however,  the  curve  is  constant  in  form.     Suppose 

V 

1  wrr  the 


the  period*,  instead  of  beinj;  a*  1:1,  ate  at  Ml :  loo,  and  that  tli 
S.H.M/»  Stan  in  the  ttai»  pha>e,  then  tlie  path  of  the  panicle  will  be! 
vKTf  nearly  like  (o),  Fig.  41.     Howcrcr,  when  the  ^lowi-r  SH.M.  ha* 
cnmptelcd  one  tibration,  the  mhrr,  instead  of  havinf;  pmnly  rnmplelcd 
tvjbrttlotu,  will  haw  co«npleicd  iwo  whole  vibraiioa*,  togcibcr  wiill 
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l/iOQ  of  nnfliher:  il  will  thus  Iwive  ^nined  in  phase  on  llic  oiher  by  i/iooof 
a  period  or  36o/'ioo=5''.6.  This  ■g,ai\t\  irill  cuiiltnuv  lill  after  ciglil  periods 
of  the  liower  vihmicins,  the  di^cicnce  \n  phaie  Vfitl  ;ii>iaunt  lu  :!i*.8,  and 
'hence  ilic  curve  traced  out  will  (escmblc  (A),  V\^,  41.  The  difference  in 
phnie  u'ill  coiiiinuc  lu  increase,  and  wi  by  ii  coiilinunii.s  inndilic^iiioTi  the 
cun-C  will  pass  in  succesuuii  tlirou^jh  alt  ihc  furiiis  »1iown  in  Fig.  41,  fii&I 
from  (ij)  to  (,^,  and  then  back  (luin  {£\  lo  (<?).  For  after  icw  periudi  of 
Ihc  xlower  vibraiion,  the  tjuickcr  will  have  made  ii  whole  vilinitiuii  more 
thiin  il  would  have  m vie  if  the  ratio  of  thr  periods  had  Iwcn  ci^aclly  2 :  I, 
and  for  an  insunl  Iht  tunc  will  attain  lake  the  form  of  (.<),  Kij[.  41,  and 
will  then  t:o  through  the  whole  scries  a^ain. 

64.  Composition  of  Two  Simple  HarmonlG  Motions  In  the  Same 
Direction.  —In  the  previims  seciion  we  have  dealt  ivith  the  composition 
of  iwo  S.M.M.'s,  when  the  dlrcclinnt  of  motion  ate  at  right  angles.  We 
have  now  to  consider  the  cnm]>o»iiion  of  two  S.H.M.'*  when  the  direi> 
tions  of  motion  arc  aloni;  the  same  straight  line,  the  simplest  case  of 
which,  n.iiiicl)-  whca  the  nmphiude  and  phases  of  the  S.Il.M.'s  Were  the 
samt,  we  considered  011  p.  58.  The  simplest  method  tor  cTcciin^  this 
composition  is  by  means  of  the  Iiarmonic  ctiri'e  {%  Jl). 

Ixt  ABCDK  <Fig.    42]  tie  the  hannonic  curve  conesponding  to  one 


FiO.  41. 

S  H.M.,  so  that  AM  represents  the  amplitude  and  mn  the  period,  and  let 
■tJ^'iA'  represent  another  S.H.M.  of  ampliliide  um  and  period  M/ 
wliidi  starts  in  the  same  phase  as  the  other.  Then  the  lesullant  displace- 
ment will  1)c  obtained  by  adding  together  the  displuccinents  due  to  the 
two  S.ll.M.'s.  TIius  at  a  time  rtprcientcd  liy  the  point  1.  the  imal  dit- 
placement  will  he  equal  to  i-t+j*!.,  while  ai  «  time  represented  by  k,  the 


FonrUt's   Tlttareiti 


63 


rampoiMrni  ditplaccmcnit  being  in  oppo^ic  directions,  tlie  tuliil  disptiin- 
iniMit  i*  equal  In  K(;  -  Kf,  and  xince  kq  it  ef|unl  (n  K^,  the  d»plii<«ine)ii 
is  Mro.  Ilcncc  if  ia«'  constnM  a  curve  such  ihnt  ihc  ordinaivs  ure  cvcry- 
i*berc  Mjtial  lo  t)ic  algebnuc  sum  (4  the  nrdin.itcs  of  the  in-u  coinpuncni 
curves,  tbi!>  curve  wilt  rrprcMiit  the  mulunc  di&placenteui.  The  icsul- 
Unt  lltus  olMained  '■a  sbuwo  dMied  in  Fig.  \i. 

In  Ftg.  43lli«  Mu»e  curre?i  sre  CMiipoundcd,  bul  ihc  lime  ncnJe  is 
made  ■mailer,  h>  that  mute  periods  of  esicli  ctitvc  may  be  xhnwn.  1|  will 
be  lecn  iluc  the  resultant  curv^  although  not  a  sine  curve,  is  a  periodic 


mrv«,  and  hence  the  resultant  moiion  ii  pctindir,  the  pprind  being  (^qiial 
tn  AB,  iu.  to  five  time*  the  period  of  Ih«  (juicker  vilirnlion,  or  four  lime* 
thai  of  the  slower. 

If  the  tui>  S.li.M.'i  tn  be  conipour)[|ed  are  of  neaily  l)ie  tame  perkxl, 
say  in  the  ratio  <rf  9  ;  lo.  then  the  coiiiiniuiul  harmonic  cun'u  oblainctl 
win,  3»  •huwn  in  Fi}{.  44,  everywhere  .ipproxinute  t»  ihc  form  of  a  sine 
nmr,  hill  the  am|^itude  will  ahcm.itcly  nax  and  wane  :  ihc  mnx'min 
iicciirring  wlkCR  tlic  roniponcnl  vibrations  are  cxnclty  in  phaw,  and  the 
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niininu  when  ihc  pbaies  diflcrhy  lulf  x  period.  As  in  9  pcrimb  of  the 
«)(Tirrt  mbrattnn  there  occur  10  periodi  of  the  quiclcer,  in  this  in(cn-nl  one 
will  have  K*hM>d  rxarily  one  period  on  the  other,  and  ihcy  will  again  be 
in  (l»e  »aine  plusc.  Thns  ibe  aI^^■c  shows  that  the  tiiaxtiiui  occur  al  every 
lotb  period  nF  the  ipiiclceT  vibration. 

This  waiins  and  w.ining  of  the  resuUanI  motion,  when  two  SH.M.'s 
oTnenrfy  the  same  period  arc  compounded,  \s  the  cauie  of  ih«  phcno> 
mrnnn  of  boaii  in  muiic.  and  will  be  further  studied  when  we  rome  to 
the  *iil>t""i  "f  sound. 

S5.  Fourier's  Theorem. — In  tlic  previous  section  we  liare  «««• 
lnMrndFil  two  linrmonir  enrves  and  drawn  a  ic»ultani  ciin-p.  The  »ani« 
iTWthiMl  ran  he  i-mploved  lo  cainpound  any  niiinlier  o(  hiirmonk  oirvet 
The  C3in«*  liatinic  all  been  drawn,  with  their  appntprinte  amplitude^  J 
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period,  and  phnw,  ilic  rcauU^iiil  curve  is  dmwn  »o  that  at  wer>'  point  ii« 
ordinate  is  cqikil  to  the  algebraic  sum  of  the  ordinaiei  nrilic  component 
corvts  at  that  point.     Uy  suitably  cliooiiiit'  the  peiiod  and  amplitude  of 


A 


1  _^- 


tlie  component  tiannonic  curves,  it  is  possilile,  as  illustrated  in  Figs-  4> 
and  46,  in  piDdiicr  n  peiiodic  resultant  curve  of  ■  type  very  dtffrrcnt 
from  A  sine  curve. 

Fourier  lirel  showed  tliat  any  peiicHtic  curve,  as  long  as  it  nouliere 
gi)C4  10  an  iiiTiiiiic  distant^  from  the  axis  of  .V*,  can  be  buih  up  by  cont- 
poundin^-  (oKCthcr  a  finite  iiiinihrr  of  hnmionic  curves  the  periods  of 
which  ate  commensurate.  This  last  eondilion  is  necessarj',  for  otherwise 
ihr  ic^ultam  ciir\'e  ubiaincd  by  compounding'   die  curves  Hould   nc-er 


F10.46. 

•XBCtllf  repent  itself,  and  would  not  be  periodic  Hciloo  it  (ullous  that 
any  poriodir  moiirm  can  Iw  ronsidcTcd  m  the  resultant  of  a  number  of 
commenturale  S.H.M.'s.  If  T  is  the  period  of  i!ic  complex  periodic 
motion,  thni  the  periods  of  the  component  S.H.M.'s  will  lie  included  in 
the  numbers  T,  T)'*,  T\%,  7j'4,  At. 
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A»  an  illiutniiJcin  of  ihe  way  in  which  a  periodic  curve  of  a  given  form 
majr  be  built  up  by  tlie  camhiiuiUm  of*  munbcTof  S.H.M.'*,  wppoxe 
the  t«quired  curre  la  be  represented  by  ilie  Jinc*  ABCi>i!Fti  (Fijf.  46), 
Tbethicfc  oontintjous  cun-c  given  in  the  figure  ii  obiaincd  byconipound- 
iof  Uw  ihrtc  S.H.M.'s  Uiown  iloiicd,  of  which  ihe  frequencies  are  in  ihe 
Mtkr  1:3:  5,  while  the  amjiliiailci  are  as  i:  r/3  :i,'5.  It  will  be  »een  lliat 
c»CB  wiih  three  temia  an  approxiinaiian  10  ihe  rcttirired  fonn  i»  prmluced. 
In  Fij{.  i^  (lie  Tcsuli  of  combining;   100  S,H.M.'a,  hanng  frcijuencies 


poponioiul  10  the  numlieis  i,  3,  >,  7,  ft  ic,  and  ampliludes  pioponionnl 
•»  't '.  A  'Si  'I'r.  ";9.  A'*^-.  »  »howo  on  a  reduced  scale.  It  nill  lie  nutked 
tet  in  ihi»  oue  ifac  reipiired  tuive  is  aimati  perfectly  reproduced. 

Ktichioet  have  be«a  devised,  called  lianixwic  unalvsers,  la  detemute 

iiwi«nical)ytli«a»iiplilude« of theaH.M.'sofihc periods  T,  Til,  Ti^&c, 

nqniled  ta  Imild  up  any  given  ciii*e.     Other  nutrhlnes  are  capable  irf 

l^nniR  the  resultant  of  a  certain  awnbcr  of  S.iI.M.'t  uf  {^iten  utiipiiiude 

ud  period. 


PART    III— DYNAMICS 

CHAPTER   VIII 
NEWTON'S  LAiVS  OF  MOTION 

B6.  SubdlTlslons  of  Dynamies.— Up  to  the  present  the  motion  of 
bodies  has  been  considered  quite  in  the  abstract,  and  although  we  have 
assumed  that  Ihe  motion  varied  in  certain  wa>-s,  we  have  not  inquired 
into  ilie  causes  of  these  variations.  We  now  pass  on  lo  consider  ihe 
effects  of  force  as  shown  in  its  action  on  the  inolion  or  eqnilihrium  of 
material  bodies.  This  branch  of  the  subject  of  mechanics  is  tailed 
Dynamics.  Dynamics  is  sometimes  subdivided  into  two  sections ;  in  one, 
called  Kinetics,  the  effect  of  forces  on  the  motion  of  bodies  is  studied,  while 
in  the  other,  called  Statics,  the  conditions  which  must  exist  if  a  body 
remains  at  rest  when  acted  upon  by  a  system  of  forces  are  investigated. 

57.  Stress. — When  one  portion  of  mailer  acts  on  another  portion, 
so  as  to  influence  its  state,  then  the  whole  phenomenon  of  the  mutual 
action  of  the  two  portions  of  matter  is  called  in  general  a  stress.  In  cer- 
tain particular  cases  the  stress  has  received  a  spiecial  name ;  thus  we  have 
a  tension,  a  pressure,  a  torsion,  an  attraction,  a  repulsion,  &c. 

The  term  stress  includes  the  consideration  of  both  the  mutually 
influencing  portions  of  matter  ;  it  is,  however,  sometimes  useful  lo  con- 
centrate our  attention  on  one  aspect  of  a  stress,  namely,  the  action  on 
one  of  the  portions  of  matter,  so  that  we  regard  the  stress  as  something 
acting  on  this  piece  of  matter.  From  this  point  of  view  «e  say  that  the 
phenomena  which  we  observe  are  the  effect  of  Exlertial  or  Impressed 
Force  on  the  portion  of  matter  in  question,  and  are  due  to  the  ACTION 
of  the  other  portion  of  mailer.  The  opposite  aspect  of  the  same  stress 
would  in  this  case  l>e  called  ihc  rcactitin  on  the  other  portion  of  matter. 
Hcnct  Ailion  ami  KcarliDn  arc  simply  clifTcrcnt  ai[iccts  of  a  stress,  just 
■.\^^  buyinn  :iiid  sclliiiK  Jii"'-  different  asiH-ils  of  one  ami  ihe  same  trans- 
action, accordint,'  as  we  look  at  il  fi-imi  the  point  of  view  of  one  or  other 
of  ilie  persons  Uikiui;  part  in  the  irauK.iriiim. 

68.  Newton's  Laws  of  Notion.  'Uw  et)V,-i  of  evti-m.il  or,  as  it  is 
Mimclimcs  i,illrcl,  imprcssecl  fime  im  llic  niolimi  of  Imilies  is  ihtitied  in 
thriT  laws  wliii  li  an-  kimwii  as  Newtiiii's  l.aivi  nf  Mniinii.  Ihi-  lli,i  of 
llii;si;   liiws  deals  willi    the   lieliaviom    of  a    Iwiily   iilnn   i,r>  i\iciiial    Imn; 
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acts  on  ii.  The  second  leHs  as  how  the  exlvmal  fon:e,  when  aciing,  may 
be  mcaauned.  Tlw  ibiid  Cainpaxes  the  Cnu  aspects  of  a  ilrcnt,  namrly. 
Action  and  Kcactwm.  'llioe  lau-«  arc  Axioms  ^i"!  do  not  admit  of 
dirni  expeninenUl  proof;  they  depend,  however,  on  cmtvktiont  drawn 
frvoi  experiment,  and  their  truth  i*  nnivcnjallyadiniiicd  by  those  who  havo 
KifBdent  |)h>'si<'Al  knowlcdi^c  in  ihoroiiKhiy  imderMand  iheir  purport. 

S8.  KtWton'S  First  Law.— "Every  body  cunlinues  in  il^  state  of  rest 
or  of  uniform  moiioD  ui^^^TRJ^hi  line,  unless  il  be  cumjielled  by  impre^&ed 
fore*  lo  dunKe  that  stale.'' '  ~ 

Tim  Uw  is  also  known  as  the  law  of  Jna-tia,  tince  it  ctaces  thnt  no 
bodyui  capable  of  atlcrinK  its  state  of  re%t  or  of  tnolton  without  the  inter- 
rentioa  of  wme  outside  influence  ;  and  ihis  fjct  n'c  express  in  ticicnlific 
Iaa2uaj[c  by  sayiiqr  that  ct'cry  body  lias  inertia. 

The  U«r  IB  the  6ni  plac«  ^ve^  a  definition  of  force,  Moce  it  slates 
thai  Ibrce  is  that  action  by  nMram  of  which  the  stale  of  real  or  motion  of 
n  body  i»  changed,  and  th^i  unlcM  a  force  acts  no  such  cliange  will  nccur. 
We  may  llietcfore  define  force  as  that  wliicb  (endj*  lo  produce  chon^;  of 
motion  in  a  body  on  uhich  it  ac(x.\ 

In  ibe  next  place  the  law  tdlk  us  how  a  body  will  mem  when  it  is 
■nacied  upon  by  external  forces.  It  says  (hat  if  the  body  Is  in  motion 
then  it  will  contintie  moving  uniformly  in  a  siraiieht  line,  if  at  rest  it 
wiD  ooaitnoe  at  mi. 

ladirectly  the  law  may  be  taken  as  dcfioinK  c<|ual  times.  The  time* 
which  a  body,  unacted  upon  by  cxiemal  forces,  takes  to  pau  through 
ei|ual  (paces  Jirc  e(|UaL 

Since  we  are  tmablc  to  ob(:iio  a  body  which  is  entirely  unacted  upon 
by  citemal  force,  u-c  cannot  ekpeiitnen tally  prove  thai  if  once  set  in 
■nMion  it  wotdd  continue  to  move  uniformly.  We  lind.  liowcver,  thai 
the  more  we  reduce  llie  nuKnitudc  of  ihe  impresied  forces  ^iiimK  on  a 
body,  the  greater  is  W  tendeiKy  to  continue  movinx  at  a  uniform  rate  in 
a  maigfai  line  when  once  it  has  been  set  in  motion.  Thus  we  know  that 
rfa  none  ts  thrown  along  the  surface  of  a  nK»d  it  wilt  snon  lose  its  motion, 
i(throwiialon}>lbeM]riRceof  amoMh  ice — in  which  CAse  the  friction,  which 
jian  unprcMcd  force  lending  to  cl>eck  lbnnMMion,i«much  le&s  than  in  Ihe 
oae  of  the  mad— it  will,  howe\-er.  continue  lo  move  »cry  much  longer. 

A  much  more  powerful  arxumeni  for  the  validity  of  (he  law  b  obtained 
by  conMditriDg  that  we  can  by  its  means  lohe  problems  in  mechanics, 
ml  Um  Mluiioiu  ibiH  obtained  always  agree  with  olHcrvalion,  hi  that 
w«  Qordade  that  our  fumt.in>cntal  assumption  is  correct.  Thus  etery 
OM  who  makes  lue  of  Oie  Nautical  A)iii4na(k  to  diicover  the  position 
td  a  star  ur  Ibe  time  of  an  eclipse,  tacitly  allows  lite  correctness  of  i 
Newton's  )aw,  [or  it  ii  b)-  Ibe  axHimplion  of  ihe  correctneH  of  the  law  | 
that  the  RUmbcri  there  %Wct\  liavc  been  calculated. 

*  Gtrinit  flmiv  {imevnarc  in  iMlii  luo  qiilHcaidi  nl  ati>rani&  unifcnniur  Ml 
>  liliul  ■  Tinbualnpn«Hi  otflmr  tlaui  umtta  nuuarah 
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SO.  Newton's  Second  Law.— The  fim  liiw  having  sutcd  t)iai  it  i< 
force  Alone  winch  can  jituilutc  chanRe  ai  uKMion,  the  Kcond  Uw  trJti  u« 
how  (he  change  of  mulion  depends  on  the  magnitude  ju)d  direction  of 
the  Ibrce. 

Itcforc  ruling  the  Inir  in  Nrwton's  words,  we  must  consider  wino 
dciiniiiun<i  w)ii<h  he  prefixes  to  ilie  Inws. 

(l)  'ni«  Quantity  ef  M^iint,  or  llic  Momentum,  of  a  riitid  body 
mnn-ing  without  ititatioii  is  proportioiul  lu  its  mau  and  it»  i-elooi)'. 
The  rcaionabicneax  of  this  definition  will  nppenr  if  we  remeiubct  that 
ihenlTon  required  to  vtop  a  body  of  grciiiinii.«s,  ftiich  as  a  railway  traJOf 
when  moving  with  given  velocity,  is  much  (.Tcater  than  Ihai  required  to 
stop  X  body  of  tniail  mass,  »y  a  marble,  when  moving  with  the  same 
rcloeiiy.  Again,  a  greater  effort  ia  required  lu  slop  a  hiiUet  projected 
from  a  rille  with  a  high  lelociiy  than  to  slop  a  similar  bullet  when  simply 
tlirowii  by  hand,  and  thus  moving  with  a  tuinpiimlivcly  slow  velocity. 
If,  then,  we  take  a»  the  unit  of  muinentum  tli.it  of  imii  miiss  moving  with 
unit  velocity,  the  momcniuin  of  a  mas;  m  moving  wiih  a  velocity  f  will 
be  mi'.     The  dimensioiii  of  moiiu-nnim  arc  [/.'.I/'T"  '], 

Tbc  change  in  iiiomeniiiin  of  a  body  is  pinponional  to  the  mass  o( 
tho  body  and  the  change  in  velocity.  This  follows  ai  once,  since  the 
mass  of  body  cannot  alter ;  hence  the  only  thing  that  ran  affect  the 
magnitude  of  tlie  inonicntum  is  a  change  in  velocity.  The  rate  of  change 
of  niomeniiini  is  proportional  to  the  mass  and  the  acceleration  (since  the 
accclcmiion  is  the  rate  of  change  of  the  velocity).  It  must  l>c  remembered 
that  tlio  lenn  velocity  is  used  in  the  above  in  its  mo«t  general  sense 
(S  y^  ^*'^  hence  the  momcnimn  of  a  body  changes  when  [he  direction 
of  motion  changes,  although  the  speed  may  remain  consiiuit 
^_»  Wc  may  now  stale  Newton's  second  law  :—"  Change  of  motion  is  pn>- 
ponioiinl  to  the  imprcssetl  force,  and  lakes  place  in  the  ditcaion  of  ih« 
siraighi  line  in  which  the  force  act*."'  By  motion  Ncwion  means 
(luanlily  of  motion  or,  as  il  in  now  railed,  momentum,  and  in  the  same 
way  the  term  impressed  force  inrUidc*  the  idea  of  lime,  for  ilie  niagni* 
tude  of  the  change  of  muinentum  produced  will  depend  on  the  lime 
(luring  which  the  force  acts  as  '•ell  as  on  the  magnitude  of  the  force. 
The  product  of  ihc  magnitude  of  a  force  iiilo  ili  time  of  action  is  called 
the  imptthi  of  the  force.  Hence  we  may  rcsUlc  the  first  pan  of  Ihe  law 
nnd  Kiy  :  Change  of  momentum  is  proportional  to  ihc  impulse  of  the  im- 
presMd  force.  It  it  important  lo  notice  ihal  this  Uw  states  that  it  is  the 
ekan^f  in  inomentum  which  is  prof>ortional  to  llie  impulse  of  the  force, 
and  hence  it  is  immaterial  whether  ihc  body  ihi  which  the  fitrce  acts 
is  originally  sT  rest  or  in  motion  in  any  direction;  the  ikangt  in  its 
momentum  in  the  diteciion  in  which  the  force  acis  is  always  proporiiwnid 
to  the  impulse  of  the  force. 

I  MaiMlDiur'u  Tiiuiiii  pruportinnalcni  cuo  vi  nioirkl  tmpressu.  *i  ii«ri  wcundum 
line*'"  rectam  q«n  tIj  ill.i  irapdmllur. 
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Thm,  suppose  we  have  a  body  of  mass  jo  at  rcM.  and  thai  a  force 
acting  m  the  rfiitctioii  from  South  to  North  tmpntti  a  vclocitj'  i- 10  ilie 
body  in  luut  lime, so  that  the  mnnicntuin  gencRiird  i»  onK  If,  inmeadaf 
being  at  rest,  ibe  body  h»d  bc«n  nimintc  wiih  a  velocity  f  from  South  10 
Nonb  Mihen  ibc  force  raimncnced  lo  act,  then  M  the  end  of  a  sctnnd  it 
vnuJd  be  moving  wiib  a  velocity  iv  from  South  to  N'onti,  »inrc  in  this 
lioM:  it«  motucntntn  must  lave  clianged  as  much  as  it  did  before,  and 
ibe  duuiga  fat  OMrocotum  t»  e4|ual  lo  the  product  of  the  hiam  into  the 
dunige  in  vetodtjr,  and  (2f-v)Bi  t«  cqui^  to  mrr.  If  ilio  body  were 
nriginalfy  innvmic  wiih  a  velocity  v  from  Ni>nh  to  Soutli,  i.t.  in  an 
^)pouie  diTcciKin  to  th^t  of  the  force's  line  of  aclbn,  then  at  ihi;  end 
cf  a  semnd  the  body  would  be  at  rest,  having  lotl  «*%>  imilt  of  momcnium 
in  a  direction  opposite  lo  the  line  of  action  of  the  force,  which  is  cquiva- 
tcni  to  the  ]pun  of  mv  unili  in  the  direction  of  ihc  line  of  actiotu  If  Ibc 
body  w^re  onjtinalJ)-  moving  wjib  a  velocity  w  from  East  10  We»«,  then 
ai  the  end  of  a  second  it  unuld  have  gained  wn'  units  of  niooncntum 
m  ihe  South  to  North  diiection,  thai  i%  tince  ti  originally  had  n« 
mnrnentum  in  thtt  direction,  its  original  velocicy  having  no  comixment 
in  this  direction,  il  will  now  have  a  component  wlociiy  in  the  Saulb  lo 
Nonli  dtrtciion  od't'  uniit.  Further,  it  is  iniinaierini  whether  the  body 
b  mkr  die  iafliMDce  of  ok*  force  w  sei-crai.  However  many  the  forces 
acting  on  the  body,  each  ftnre  will  produce  the  same  change  of  momcnttim 
in  it*  own  direction  thai  it  would  produce  supposing  il  alone  acted. 

The  eecoiM)  taw  (;ivcs  tis  a  Rteani  of  defining  and  measuring  forces 
as  well  as  muses.  If  we  have  a  number  of  forces,  then,  afrordins  lo 
NcwioB**  M«nnd  bw,  ihe  change*  of  momentum  which  they  wxMild 
wpttfuely  producv  in  a  given  liiiM  are  proportional  10  tlie  forces.  Hence 
il  they  all  act  in  iiKce^sion  on  the  i.rwu  m.-t»,  ibc  chanijct  in  ihc  velocity 
pnxhtced  wPI  be  proportional  to  the  forces,  so  thai  v-c  may  n>casare  the 
idative  ma^ttude*  of  the  fi>rce9  by  deienninin^  the  change  in  velocity 
ewti  farce  wilt  pnidnce  in  a  given  roOM  in  a  given  time^ 

On  the  other  bond,  if  ve  allow  a  given  force  to  act  in  succeMton  on 
a  lumber  of  itiflTereni  masM-t  for  n  ^wcn  time,  ihcn,  since  it  will  in  each 
cue  produce  the  same  rti.inijie  in  nmmcnium,  the  value  of  the  product 
of  the  mass  of  each  body  inin  the  change  of  vcluciiy  [>niduccd  by  the 
fe*«  i*  the  BRM  for  alL  The  changes  in  velocity  piodiiceil  are  tberdbre 
■nTt-nely  ai  ihc  masses  of  ilw  tiodies in  which  these  cluinges  ate prodocnd 
by  the  famo  force  acting  fur  the  saine  time. 

61.  Onll  of  Force.— Since  a  force  b  mensured  b>-  the  change  in 
eiocneniiun  it  pnvluces  in  id  line  of  action,  if  a  force  when  acting  on 
a  maa*  m  fur  a  time  /  changes  the  vetuoiy  in  its  tliic  of  action  by  v  units 
of  vdndty,  then  ibe  fnm:  is  measured  ti)'  the  quotient  mvll.  Il  will  ha« 
been  nbservnl  that,  in  lite  siaicmcnt  of  the  law  and  in  the  remarks 
ha**  bun  inade^  it  b  said  that  the  force  i*  prvp^rii^nal  10  tlie  c\ 
umanninm  prodund  to  urai  Itme.     Il  is,  howe^-cr,  very  coniTnicnl  10  1 
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choose  the  unit  of  force  that  the  value  of  a  force  is  numerically  equal 
to  the  change  in  momentum  produced  in  a  second.  The  tmit  force  will 
then  be  such  that  it  produces  in  unit  mass  unit  changes  of  velocity 
per  second,  i.e.  unit  acceleration.  Hence  if  a  force  F  acting  on  a  mass 
m  for  a  time  /  changes  the  velocity  in  its  own  direction  from  i',  to  Vj, 
behave  p^n^v.-v,) 

or,  since  (:'j-t'i)V  is  the  acceleration  («)  produced, 

F=ma. 

Tlie  dimensions  of  force  can  be  obtained  from  this  equation  by  intro- 
ducin^:  the  symbols  for  the  units  and  then  making  F,  m,  and  a  each 
unity.     Thus  /--[^]=»,[J/>[i/-'] 

=  [£..!/.  7-»]. 

(In  the  c.ff.s.  system  the  unit  force  is  such  that  it  produces  an  acceleration 
of  one  centimetre  per  second  per  second  in  a  mass  of  one  gram,  and 
is  called  a  dynt.  ] 

In  the  foot- pound- second  absolute  system  of  units  the  unit  of  force 
is  such  that  it  produces  an  acceleration  of  one  foot  per  second  per  second 
in  a  mass  of  one  pound,  and  is  called  a.pouitdal. 

We  may  make  use  of  the  dimensions  of  a  force  to  determine  the 
relation  between  the  dyne  and  the  poundaL  Suppose  a  given  force  to 
be  equal  to  d  dynes  or  /  poundals,  and  further  that  L,  M,  and  T  are  the 
units  of  length,  mass,  and  time  in  the  c.g.s.  system,  and  Z„  J/„  F,  those 
in  the  fool -pound -second  system.  Then,  since  the  actual  magnitude  of 
the  force  must  be  the  same  whatever  the  units  used  to  measure  it, 
we  have  d[L:MT-^-]^p[l.,MJ\-^ 

^"L/J"  Vjfy  Lz/J 

Here    -'i  is  the  ratio  of  a  foot  to  a  centimetre,  and  is  equal  to  30.48 

(g  11),  while  ji-  is  the  ratio  of  a  pound  to  a  gram,  aiui  is  equal  10453.59 

(S  i:),  while   TfT-^  is  unity,  since  the  setond  is  the  unit  of  time  in  either 

case.     Substituting  these  values,  we  gel 

-  =  30.48x453.593 

=  13825.5. 

Hence   the   number  of  dynes  in   the  jjiven   force   is   to   llic  nuiiiljcr  n( 
poundals -as   13825.5  ;  1.     If  therefore  the   fjiven   force  is  one   pDumLiI 
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the  nnmbrr  of  AyoK^  it  cootatas  »  I  jSlj-ji  90  lliat  ornii  poundol  *  i 
dyncK. 

0Z.  Impulsive  Pcroe.— In  <.-cnatn  cuu  the  force  act«  for  «ii  short 
%  liinc  ihAi  wc  arc  unaNc  either  lo  tncanire  iu  mniniitudc  «r  ihc  lime 
diuinfT  which  il  iwl*.  ll  i^  hou'O'cr,  in  ihcsc  cases  jjcnernlly  possible 
ta  mmuiv  ihc  total  clfcct  of  th«  fnrcr  in  changing  ihc  inotiuii  of  tlie 
body  (Ml  u-hith  it  uctv  Nuw,  ;k«  hat  bi'«^n  Mated  in  §  60,  the  total  cfTect 
erf  a  farce  in  ch.inaing  ilie  inolion  of  a  body,  or  the  impulse  of  the  force, 
»  tnaiurcd  by  the  chani^c  in  tnumcntuTn  produced,  ilcoce  in  the  caw 
orflhoc  force*  of  very  slmrt  duration  the  impuUc  will  be  u<«d  lo  meASUre 
llw  cdcct  of  tbc  force ;  and  tliin  is  equal,  if  the  force  is  uniform,  10  the 
pradua  of  the  force  into  its  tiiiie  of  action,  or,  if  the  force  invariable,  lo 
ibe  prodtKt  of  tlie  mean  value  of  tlie  forte  into  the  lime  of  action,  Thui 
fbrres  of  sitort  duration,  at  fur  example  that  exerted  by  a  blow  of  n 
haimner,  wre  onidnfdty  called  itnpnliit-c  forces  ;  and  it  was  in  this  con- 
Dccion  that  ihc  term  impulM  wax  ori^natly  used.  1  here  is,  however, 
DO  cMential  diflTercnce  between  such  a  force  and  forces  uliich  last  for  a 
longer  ioten-al,  lite  only  diuinciion  being  that  in  the  one  case,  from  lack 
itfacperiinental  meuiu,  n-e  art-  unable  to  make  the  necessary  meamce- 
toenti.  The  term  impulse  i*.  therefore,  now  u.ied  in  ihr^  m<>rc  (^eml 
scme^  as  applicable  to  ibc  product  of  any  force  into  its  time  of  aclion. 

98.  Htwton'l  Third  Uiw.-{"To  every  action  there  is  aloay*  an 
equal  am)  contrary  reaction  :  ur,  tli«  mutual  actions  of  any  two  bodies 
arc  always  eqoal  and  oppositely  directed.''  '^  In  tbti  taw  tlii?  word  action 
b  lued  to  represent  iIk  one  aspect  nf  a  streu  spoken  of  in  ^'  57,  and  tlie 
wonl  leaclion  to  represent  the  cMlier.  Hrncc  Newton's  ihitd  tan-  stales 
that  all  fbrc«*  am  of  the  nature  of  a  sircvs  bctvccn  poitions  of  mailer, 
■Bce  il  uaics  thai  ci'ery  fercc  mint  neoessarily  be  accompanied  by  an 
cqnal  and  opposiiely  directed  reaction. 

If  yvii  preu  your  lin^^r  on  the  table,  you  feel  the  table  piresung  your 
fiofcr.  In  the  case  of  u  horse  towinjf  a  boat,  the  forward  pull  exerted  by 
t)»  honenn  tbc  tow-rope  is  exactly  eqiul  to  the  bacltward  puU  exerted 
bjr  the  low-rope  00  the  hoi«ic  Many  people  find  a  difficulty  in  accept- 
ing the  above  slalcinciit  with  reference  to  tlte  equality  of  the  action  aiwl 
mciion  in  the  case  of  a  bone  lowing  a  boat,  since  they  lbit)k  that  if  tlie 
hitce  escTlcd  by  the  horse  on  the  rape  m-cte  not  a  litttt  Kieater  than  the 
■aid  force  exerted  hy  ihc  rope  on  the  hortc,  the  boat  uouid  not  pro- 
In  ihit  case  wc  must,  howei-cr.  temcmber  tlut,  .ts  (nr  ai  iltcir 
rtlathf  ffti/i«iu  ate  concerned,  the  l>orse  and  the  boat  arc  ■»/  w</,  and 
Ibrm  a  slni^  body,  and  tlte  •u/ioit  and  rmctii>ti  lieiween  them,  due  to 
dw  lesiaim  aa  the  rope,  imut  be  equal  and  opposite,  for  otherwise  there 
■wild  be  rdaiivc  motion,  one  with  respect  10  the  other.  The  horse 
•btaiiu  the  oece>iar>-  puicbasc  to  move  bath  itself  and  tlte  boat  where 

)  Ailasnl  ormlnr-iiBi  laintv  cl  SiM)M41uii  nam  tddiunein  :  tvn  corperml  duoruiB 
''"     Id  «e  iBMiKi  temper  Hie  oeqinlM  et  in  [luiet  v-ontruiu  diri^L 
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its  feet  louch  the  KTound.  At  theic  poinis  the  hone'i  hoofs  exert  a  force 
which  has  a  (-(impanriii  in  a  backward  ilireclian.  ihc  ciiiTripandinit 
rc^kciion  of  ihc  ground  hnvin): a componoil  in  ihc  forward  (iimnion;  and 
it  is  thii  component  which  produce!  the  nioiion  of  the  horse  and  bo>i. 

64-  Action  at  a  Distance. — Since  force  is  always  pan  of  a  ttrew, 
and  i*  iHily  ptoducctl  by  tijc  iisency  of  an^  portion  of  matter  on  another, 
it  16  of  iniercKt  in  ei-cry  case  to  examine  the  mechanism  b>-  meant  of 
whidi  this  influence  of  one  piece  of  matter  on  another  \»  carried  on.  In 
tome  caKS.  such  as  that  where  two  portions  of  matter  arc  connected 
by  a  hlretchcd  Milnx.  it  is  quite  e^•ident  by  what  means  the  one  piece 
of  mailer  exert*  a  force  on  the  other,  for  ii  in  by  the  stretched  string. 
In  other  cases,  however,  wiih  which  we  shall  deai  more  fuliy  later  on, 
one  piece  of  matter  acts  on  another,  xa&  is  reacted  oi>  by  that  portion 
of  matier,  bin  without  our  being  able  to  detect  any  intenmcdiaio  body 
which  plays  the  part  of  the  sirioK  in  ihe  first  cxanipie.  As  an  instance. 
«rc  may  take  ihc  case  of  the  force  exerted  by  a  matn^el  upon  a  piece  of 
iron,  even  when  they  are  al  snmc  distance  apurt.  In  this  case  the  force 
still  exists  if  we  remove,  as  well  as  we  arc  able,  al!  mailer  Ihai  ran  be 
detected  b)-  our  senses,  and  which  lor  short,  and  for  Ihe  reasons  K'ven  later, 
may  be  called  pondcratile  mailer,  from  the  space  bclwcen  ihr  inaenel 
and  Ihe  imn,  or  if  we  plat-e  other  portions  of  mailer  lieiwcen  the  two. 

It  was  at  one  lime  considered  siifficieni  in  a  case  such  as  the  nbnvc 
In  say  that  ihc  inajjael  exerted  a  force  on,  or  acted  on,  the  iron  al  a 
distance,  and  to  dismiss  the  quesiian  by  saying  that  this  was  a  case  of 
majrneiic  an  taction. 

If  a  conjurer  mnkes  n  portion  of  matter,  say  a  block  of  wood,  fol1^^^' 
bis  hand  about,  ««  at  once  say  ibat  he  has  a  sirinft  or  some  other 
mechanism  connecting  the  block  to  bis  hand,  and  although  we  are  quite 
unable  lo  sec  the  nature  of  this  conneciini;  link,  we  may  be  satisfied  in 
our  own  mind  that  it  docs  really  exist.  In  the  same  way,  since  we  are 
unable  to  think  of  one  portion  of  matter  acting  upon  .-mother  portion  of 
matter  without  something  conneciinc  the  two,  by  means  of  whit^h  the 
action  is  transmitted,  it  is  natural  to  suppose  that  there  eitist*  some 
mechanism,  or,  as  il  is  called,  a  medium,  by  means  of  uhirh  ilic  arlion 
of  the  mnjrnel  on  the  iron  is  ttansmiiied.  In  this  way  of  lookinj;  at  the 
subject  we  suppose  that  the  action  is  transmitti^  by  each  portion  of  the 
medium  atTectlnK  ih.il  whidi  lies  next  to  it,  and  su  bunding  on  the  attinu 
till  the  second  portion  of  matter  is  reached.  Here,  then,  wc  only  assume 
action  in  proximity.  Since,  howcvei.  no  one  has  yet  been  able  to  imagine 
the  constilution  of  a  medium  which  shall  be  capnWc  of  transmitting  all 
the  different  kinds  of  action  which  experiment  sliows  mailer  to  produce 
on  mailer,  we  ordinarily  use  the  lanRiiage  of  ihe  theory  which  supposes 
that  matter  an  act  upon  matter  nt  a  distance,  wiihout  any  cnnnectinit 
mechanism,  by  means  of  an  agent  which  we  call  force.  Although  no  one 
has  been  able  to  imasinc  the  necessary  medium,  nevertheless  wc  firmly 
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bebeve  that  Mich  «  mMliom  does  vxvA  \  and  a  conaidenible  pAfiion  of  tha 
prtscni  voluoM!  wiU  consiM  of  a  dctcripiion  of  experimcnls  which  have 
been  made  «-iih  a  view  of  dMcrminiiiK  ihc  propcnicf  of  iliiB  nitdiuin. 

KcwioD  made  an  «xpcrinKni  lo  show  ikti  in  the  case  of  tlie  action 
exencii  by  one  portwrn  of  nutter  on  another  at  a  diitanec  the  third  law 
of  motion  was  true.  He  floated  a  nuiK»<'<  ""d  a  pi<:ce  of  itim  on  nater 
by  pladng  them  on  twti  porlioni  of  cork,  so  thai  ihoc  p)c«««  of  cork 
were  in  mniact.  He  found  ih.-it  neither  ihc  matfiici  nor  the  iron  oas 
able  lo  mmc  the  other  alonj;.  I  fence  the  magnet  miist  be  aitiuctcd  by 
the  iron  Jutt  ii&  much  ai  ii  aitmos  the  iron. 

66.  Qraphleal  RepresenUtlon  of  a  Force.— In  unler  to  com- 
pletely define  a  fi>:ci-,  »c  rt<(uiic  to  know  iliiee  ihings  about  it  :  (i)  ll* 
point  of  apphcuiiuu  :  (■)  iudirectitio  ;  and  (3)  its  mattnitude. 

All  ihe»c  three  particulars  can  be  represented  I))'  a  «rai};lii  line,  for 
wc  may  draw  a  uiaifiht  line  through  the  point  where  the  foice  acts  in  the 
dirvctiofl  in  which  ilic  force  tends  to  cause  the  momentum  of  ilie  body  lu 
iai3«9iMvuwl  M  thai  llii»  line  cuntaini  as  many  uniii  of  length  ai  there  are 
oaits  <rf  force  !n  the  lovx.  In  order  lo  indicate  in  which  sentc  along  ibc 
Gdc  the  force  acu,  it  U  usual  to  place  an  arrow-head  nith  the  point  turned 
in  the  way  of  action  of  the  force. 

\M>en  we  repreMnled  a  velocity  by  a  linc^  it  was  ntcniioncd  i%  36)  thai 
aH  eqoal  parallel  lines  represented  the  same  \-olocity.  In  the  case  of 
fcnes,  since  the  line  bat  to  be  dniwn  ihit/ugh  a  definite  point,  the  point 
of  application,  we  can  only  dtnn-  a  -lintilc  line  to  repmenl  any  given  fofi.'c. 
It  it  however  tomciimes  ci>n\-cnicnt,  when  we  hate  a  number  of  forces 
acting,  to  draw  line*  to  represent  the  magnitude  and  diieriion  of  the 
forces  ooly,  u  thai  aD  equal  and  pi^rallcl  lines  rt-pirscni  the  same  foice. 
la  mdi  a  cue  we  must  be  very  careful  to  remember  that  the»e  lines  do 
MX  caitfltUfy  repidrnt  the  forces. 

W.  Composition  of  ForoM  Acting:  at  a  Polnc—A  force  bcinn  a 
vector  (juaiiiit)',  wc  compound  twu  forces  which  act  at  a  point  by  the 
paralklogram  method.  Tbi>  alio  follows  bom  Newton's 
secoDd  Uw<  For  suppoM  a,  and  a,  ate  the  accelemticms, 
the  two  forces  r,  and  K^  would  respectively  produce  in 
their  own  direction  when  iltey  act  on  A  mast  m,  so  that 
b^rthe  vecoiid  law  /-'t  —  ma,  and  /-j-mif  The  maw  m 
is  tlietefcirc  movinK  with  an  .icccleralian  a,  in  the  direction 
of  r„  and  willi  on  acfx-kraliiwi  a,  in  the  dtrectiun  of  f, 

frum  o(Fir.  48)  draw  op  to  tepraMni  i|  in  mnKnitude 

and  (Grenion,  and  oq  10  represent  ii,  In  mai-niiude  and 
dimctian.     Then  the  resultant  accelerailon  will  be  repre- 

tented  by  the  tUagonal  on  of  the  pamllelojcrani  caostrucied  on  op  and  % 

Mow  (he  accefantkm  repiewntcd  by  Dk,  say  it,  would  be  produced  by  a 
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ioKK  "*•%  aciing  in  ilic  ditvciion  or,  and  hence  Uiii  farce  is  ttiQ  rcbuttuiit 
of  1",  ami  Yf 

Since  QP:Oti:ok::    «,:     «,:« 
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Hence,  to  find  tlie  resuUani  of  two  forces  acting  at  a  point  we  nwd  not 
conii tier  1  be  accelerations  they  would  produce,  bui  ifwc  draw  from  a  given 
point  twEi  straight  linns  to  trprcscnt  the  two  jjiven  ^itm  and  complete 
the  parallelogram,  ilit;  dian'on^'  ibraueli  the  K>^'cn  point  will  rcptcscnt  the 
re«altant  force  in  maj^iiu<Ic  and  direction.  Since  ilic  two  component 
forces  acted  at  one  point,  the  r(-si,ilt.im  will  act  at  ih«  iainc  point. 

If  thi^ri!  are  any  number  of  forces  acting  at  a  point,  we  can  find  t)i«ir 
rejuhanlbyamelbod  »imilar  to  Ihe  polygon  of  ve loci li t-s  orncccle rations. 
For  if  in  iucceision  we  draw  straiglii  lines  to  rcpn-sem  in  nw^-niludc  and 
direction  each  of  tlie  forces,  slatting  from  some  given  point,  and  draw 
tlie  line  representing  tach  subsecjueiit  force  from  the  point  where  the  line 
representing  ilie  previous  force  ended,  then  ilie  straight  line  joining  the 
«taning-poini  to  the  end  of  the  last  hnc  so  drawn  will  rcpresnii  the 
resultant  of  all  ihc  forces  both  in  magnimde  and  direction.  As  bcforci 
the  point  of  application  of  ibc  lesultani  must  be  nt  the  same  point  a»  that 
of  the  component  forces. 

67.  Resolution  of  PoisJes.— .\force,likeavelocityoranaccelcration, 
can  be  resolved  into  luiniHinems  along  nny  given  directions,  the  method 
employed  bcinj,'  exactly  the  same  as  that  given  in  §  38  for  the  case  of 
^■etocitiet- 

The  usual  case  is  to  resolve  a  force  into  corapuncnis  along  two 
directions  at  right  angles  to  one  another.  .\s  an  example  of  ibe 
resolution  of  forces,  we  may  lake  the  case  of 
a  boat  sailing  in  any  direction  except  directly 
Ijcfore  the  wind.  I.pt  iiR  (Fig.  49)  represent 
a  boat,  and  ad  the  plan  of  ihc  <nil.  If  waC 
is  the  direction  of  (he  wind,  and  we  take  AC 
to  represent  the  force  llic  wind  would  cxcrl 
on  the  sail  if  it  were  pl.iccd  at  rijihi  anifles  to 
the  direction  of  the  wind,  we  must   resolve 

this  into  components,  one  (,\e)  peq>ciidictilar 
to  the  sail,  which  i«  alone  efficacious  .is  far  as 
ihc  action  of  the  wind  on  the  sail  is  con- 
cenied,  and  the  other  parallel  10  the  sail  .\l>. 

The  force  AE  has  now  lo  Ijc  resolved  along  and  across  the  boat.    The 

component  au  is  alone  cTcctive  as  far  as  the  headway  is  concerned. 
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The  cocnponent  Af,  at  right  nnf^n  to  ttte  coane  of  the  boat,  tend*  to 
make  the  boat  travel  ibrough  the  walec  in  a  directtoii  ul  right  angles  to 
it»  knftth,  />.  it  pnxlucui  leeway. 

68.  Homent  of  a  Force.— ^^'he^  b  ioKc  aci«  on  an  cxicnilcd  hnAy 
it  ptodocn,  in  general,  boil)  motion  xnA  (trrormnlion  of  ihc  body,  i.e. 
•train.  A*  wc  are  not  at  pixscni  dciiling  niih  the  iiucxiion  ofKirain,  we 
iball  coaudcf  ihc  body  to  he  ri^d  (.%  43}.  In  the  cntc  of  an  extended 
rigid  body  a  ftircc  "ill,  in  gcDoml,  produce  both  a  itioiion  of  transUtinn 
and  a  motion  of  rotation.  If  the  force  it  m  applied  thai  iiaiistaiion  only 
takrs  place,  the  body  moves  as  if  il  were  a  patiide  liaviii);  a  xwua  equal 
to  t)ul  of  llie  body  ooooeninitcd  at  a  ctrlain  point,  nliitti  ii  culk'd  the 
cenir«  of  inertia  or  centre  of  jjtavily.  Hence  if  any  number  of  ftirtt»  att 
oo  a  rigid  body  so  that  their  resultant  patics  through  ihc  r.cntce  of  ineria 
of  the  body,  ibc  motino  they  will  gcnriatc  will  be  a  pure  lianMntlon.  If 
the  direction  of  the  rcHittani  docs  not  pa»s  ihrouyh  ihe  centre  of  inertia, 
ihcif  will  be  a  iiiMion  of  rotation  produced  a«  wdl  as  one  of  iraiuJa- 
lioB,  In  order  to  himptify  matters  wlien  studying  the  rITect  of  a  force  in 
prodncing  lotatiuo,  we  shall  suppote  that  all  motion  of  itaasblion  i* 
ptTvented  b)-  having  a  pomt  or  Minwtimes  a  tine  in  the  body  kept  fixed 

(S47X 

The  effect  of  a  Ibrcc  F  in  produciiig  rotalion  depends  not  only  on 
tbt  itnpabc  of  the  force  {Ft),  but  also  on  the  distance  between  the  line  of 
action  of  ilie  force  and  the  axis  about  which  rotatiori  it  npabic  of  laking 
place.  Tbiu  it  te(|uiies  a  much  mialler  force  to  close  a  door  if  the  force 
is  applied  at  right  anKlei  to  the  door  and  near  llie  handle,  than  if  applied 
near  the  hinge.  It  will  be  nmicMl 
that  it  il  the  pctpendiru'i.-ir  dtMaitcr 
of  tbc  dirrcitMi  of  the  line  of  action 
at  a  force  lintn  lite  axis  of  ruiMion. 
and  not  ilie  dittance  Irum  the  puiiil 
of  apfilicatian  of  the  force  to  the  axii, 
«lncb  settles  the  amount  of  iHe 
tKnuBg  pou-er  of  a  force.  Tlius  ki 
An  (Fig.  jo)  be  a  ligid  t)ody  capable 
nf  rotating  about  an  axis  through  a 
pFTpi'ndicuUr  to  the  paper.  Then  the  turning  power  of  a  force  acting 
along  fi  and  applied  at  ft  is  miidi  )e»  than  that  of  on  equal  fone  iKtifig 
alcmg  r,  ahboagh  the  distani:c  bciuenn  the  point  of  application  and  the 
axis  is  the  atne  in  each  case.  The  turning  puw-er  or  torqiie  depend*  on 
the  mogniisde  of  the  fnice  and  the  prrpendimtar  distance  between  lite 
«ii»  and  the  tbiection  of  the  ftwce,  />.,  on  AC  or  Al)  in  ilte  above  figure. 

irrhc  product  nf  the  nutgnhude  of  a  force  into  the  perpendieulai  dis- 
tance betwifen  the  axis  and  the  dirertion  nf  the  iemx  i»  called  ihe  mi-mtHt 
of  tbe  (tirce.  Hence  io  (he  abmc  example  the  moments  of  the  forces  are^ 
FfAC  and  r,.At)  respect iirely.    Tbe  motnenl  of  a  force  is  positive  ifj 
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lends  to  produce  roution  m  the  positive  {>>-  anti'dockwiH)  dir«c1iol^ 
and  negative  ir  it  lends  to  produi^  roi^tion  'm  the  ncKalivc  dir«<HioiL 

Since  llie  toultAnt  of  nny  number  of  forces  i«  b]r  dcliniiion,'  a  single 
force  which  is  capable  orropUring  ihc  component  forces  n«  regards  ilicJr 
cflVct,  it  folloiVK  that  Ihc  inomcDi  of  ibc  rc^iiltani  about  auy  point  must 
be  equal  lo  ihe  sum  of  ihi-  inoinenii  uf  tlic  components  about  the  same 
point,  or  otherwise  ihe  resultant  would  not  coirectly  replace  the  turning 
moment  of  the  couiponeni*. 

That  the  parallelogram  ton  timet  ion,  and  hence  alun  the  polygon 
of  forces,  givn  «  Ksultanl  fulliUinf;  ihc  abin'c  condition  nuiy  easily  be 

xhown  in  the  folluwin);  wajr. 

I^l  OP,  OQ  (l-'ig.  St)  be  two 

forces  aclini;  at  o  and  OB,  the 
resultant  obtainrd  b)'  complet- 
ing; the  parallHo^mm  ;  and 
let  \  be  any  point  in  the  plane 
about  whi<:h  momeiili  are  to  bv 
taken.  Join  Ao,  ap,  Aq,  and 
Ak.  Then  the  triangle  kck} 
is  ettuai  to  the  sum  of  the 
triangles  APR,  oPR.  for  they 
arc  oil  visual  bases  eg,  I>r  ;  and 
the  height  of  the  one  triangle  is  equal  to  the  sum  of  the  heights  of  ilie 
other  two.  This  may  be  prove<I  tlius  ;  if  h  is  the  length  of  the  base  of 
eftch  triangle,  and  >v,  and  A,  ihc  heights  of  the  irinnKlcs  ai'k,  opk  rcspec- 
tivdy,  then  4A(*i+Ai)=i*^i  +  i*'*ii  'hat  is,  ihc  area  of  tlic  iriangle  on 
baseband  height  (^i+ij)  is  equal  lo  the  sum  of  the  areas  of  the  triangle 
on  base  >.  having  heights  A,  and  A,  rcspcaively.  The  triangle  aor  is 
obviously  equal  to  the  sum  of  the  triangles  aoi-,  apr.  opr.  Hence  tlie 
triangle  ADK  is  equal  to  the  sum  of  tlio  Iriani^lts  AOP  and  AOg.  Now  the 
area  of  the  triant^le  aor  iseqiml  to  half  ihc  prodtict  tif  the  base  ok  into 
Ihe  perpendicular  distance  between  A  and  or.  The  product  of  ok,  which 
repietcnit  in  magnitude  and  ilirectiou  the  resultant  of  ihc  forces,  into 
ihe  perpendicular  distance  Iwiwecn   a  and  or,  is  the  moment  of  the 

resultant  about  A.  Hence  the  moment  of  or  about  i  i*  rrprcscnteil  l>y 
twice  the  area  of  tlie  triangle  aor.     In  the  same  way  the  moments  of 

OP  and  og  about  a  are  represented  by  twice  the  areas  of  ihe  triangles 
AOf  and  AOQ.     Hence  il  fbllows,  from  the  relation  between  the  areas  nf 

IheM  Uianglcs  found  above,  that  the  moment  of  ok  about  A  is  equal  to 

Uie  sum  of  the  moments  of  oP  and  oy  about  a. 

'  In  I  TO  lilt  mtuliiioni  ihM  l*o(<>n«>  laiinul  ha>F*sinileceMi1lati('*illlx(liMU>BRtl. 
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69.  Composition  of  Parallel  Forces.— In  ih«  nutc  of  an  cxtcndcil 
'bodj' acicd  upon  by  I  wo  fortes  uhosc  (iirections  arc  para  lid,  I  lie  rvsuhani 
force  will  be  equal  lu  iltc  algebraic  »uni  of  Ihc  two  components,  i.f.  lo 
the  nrithmciical  sum  if  iltcy  act  tn  il>c  same  sense,  and  to  the  diffcrcnco 
tf  they  act  in  opiioiite  sciues.  As  far  a*  tlie  motion  of  translation  of  (he 
bod)'  is  cooeemed,  ihw  i»  all  th.it  is  rtcjuitcd.  If,  Jiowci-tr,  we  miuire 
tbc  effect  oi  the  forces  in  ptixlucing  rataiinn,  it  is  further  neceeary  lu 
know  tbe  point  of  npplicaiioti  of  the  rcsutiant. 

In  order  to  find  the  positwn  of  the  resultant,  ny;  make  use  of  the  fart 
thai  the  n>oinFnt  of  tbe  resultant  about  any  point  must  be  equal  to  the  swm 
at  the  moments  of  tlie  cumponenii  about  lite  san>c  (loini.  If  tl>«  jxiini 
dwMD  is  on  tbe  line  of  aatun  of  the  icsuliuni.  thi-n,  since  in  thii  rsu/c 
tlw  nonwnt  of  the  rewtliant  about  this  point  it  icio,  the  moments  of  the 
oonqwoeiUs  about  this  point  must  be  equal  and  opposiic.  If  th(^  iiarallel 
fofos  act  in  ibc  same  seme,  tbe  resultant  will  tie  between  theui,  for  in 
thu  ease  the  mntnents  of  the  fi>n:cs  about  any  point  between  them  will 
be  of  opposite  sign,  since  ibey  wilt  tend  to  cause  lolalion  in  opposite 
directions.  Ifthe  forcei  act  in  apposite  senses,  then  the  resultant  must 
lie  outside  Ihe  fortes,  and  on  tJie  sidcof  t)ic  larj^r  force,  for  then  the  dis- 
lance  between  the  larger  force  and  any  point  oo  the  icsuliant  will  be  leii 
than  that  between  tbe  smaller  ftirce  and  ibis  point,  so  iliat  llic  smaller 
force  aLttng  at  a  greater  dxtancc  may  have  a  moment  equal  to  Uic 
taiger  force  acting  at  a  sntaller  dbtaiKc. 


Fia  ti 


(*) 


Tbe  most  jjeneralty  useful  comtiuction  for  finding  the  potition  of  the 
iltant  b  as  follow*  :  Let  P  anxl  i)  {¥i^.  j:>  icprcsctit  the  forcn.     Any- 
where alnnjc  the  line  of  nciioo  of  p  cat  off  a  portion  ar  equal  in  length 
^■a  ii,aiKl  lomewhcte  in  ili«  line  of  action  of  q  cut  off  ct\  equal  in  Icnuth 
^^^  p.     Tben  Join  AD  and  nc.     If  the  force*  act  in  Ibe  same  wnsc,  join 
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-cratswiie,  as  at  (n),  w  thai  the  point  of  intcneciinn  e  lies  between  the 
Ibrcn ;  if  they  ure  in  opposite  wdmb.  juin  them  uicliuut  imsMiij;,  as  at  ('). 
llien  in  either  cue  the  multunt  will  pNs«  Ihrou^lt  tlic^  point  K. 

'Ilie  Iiianifles  adf.  and  iicr.  juc  similar,  so  iliat  tlicir  heights  arc  in 
one  another  ai  theii  bases.  licncc  lip  is  the  height  of  the  trianjcic  AUK, 
and  f  that  of  the  iriariKlc  licit,  wc  have 

Pp^Qq. 

But  /  i*  the  petpcndiculnr  <liitance  between  the  point  E  and  the  fofv^  I', 
Thctefote  vp  is  the  iiimtienl  o\  P  .tltout  E.  In  the  same  way  Q/  is  the 
moment  of  y  about  K.  And  wc  sec  from  the  above  thai  the  momcniv 
lun  Rcjuni  in  magnitude;  that  they  arr  nf  opimsiic  si^^  is  ohiiniis  from 
the  figures.  Hoace  the  resultant  is  parallel  to  the  forcn,  and  passes 
Ih rough  tc 

70.  Couples.— If  the  two  parallel  (otrcs  ate  equal,  the  multant  must 
be  at  an  c(|ual  disLinve  from  each,  so  that  when  the  forces  tac  in  oppoiiie 
senses  it  must  be  at  an  inliiiiiu  dist.incc,  for  otherwise,  as  it  has  to  be 
outside  the  two  forces,  it  would  be  nearer  one  than  the  other,  so  that  the 
moments  wonld  not  be  cquji.  The  niajtnitudc  of  the  resuhani,  however, 
is  in  tills  case  leru.  AAs  far  as  itanslation  is  concerned,  a  system  con- 
MSting  of  a  pair  of  egUa)  and  oppo^e~  nu^lj^)  foice«.  which  19  called  a 
eouptf,  wi)l  produrc  no  result ;  it  nia>',  however,  produce  ral;ilion.  \ 

Let  I'  and  p'  (TiK-  53*  represent  tlie  equal  and  opposite  parallefforcea, 
and  from  e,  any  point  in  their  plane,  draw  BAH  perpendicular  to  the 

direction  of  the  two 
r  >     forces  merlin^'  ihein 

i  at  A  and  11.    Thun  tile 

moment  of  P  about  K 
is  -  P.  iiK  (for  sign  in 
5  68),  ^nd  that  of  P* 
t»  +P'.AK  in  (rt),  and 
-Kak  !n(*).  Hence 
the  sum  of  the  two 
monienli  in  (<t)  is 
-r.iiE  +  r'.AK,  which. 


-E_B 


(a) 


I 

-iA 

i 
I 

•E 


♦c 


P'     A 


(b) 


1^0.  S3- 

rince  p'—p,  is  equal  to  — p.ai!.  In  {/>)  tlie  sum  of  the  moments  is  equal 
to  -p.BK-l'^K,  which  is  equal  to  -p.AiJi  ,'Hence  we  we  that  the  sum 
of  the  moments  about  any  point  is  constant,  and  is  equal  to  the  product 
nf  one  of  the  forces  into  the  distance  between  the  lines  of  action  of  the 
forc«s.     This  product  i^  called  the  moment  of  ihc  coiiplL-.  j 

Wc  are  now  in  a  position  to  generalise,  and  say  that  any  number  of 
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farca  acting  oa  Ji  rifnd  body  may  be  replaced  by  «  ■tngle  force  Beting 
thmq^  tbe  centre  of  inertia  or  tlie  body,  and  which  is  alone  effective  in 
ptododng  jae^oti  of  translation,  and  a  couple  which  is  alone  effective  in 
producing  iitoti<m  of  rotation.  For,  taking  any  two  of  the  forces  which 
are  not  equal  and  opposite  parallel  forces,  we  may  replace  them  by  th«r 
lesuhant  This  resultant  can  then  be  combined  with  one  of  the  lemuB- 
ii^  farces,  and  so  on  till  finally  we  have  left  either  (i)  a  niq^  ftat» 
pasraig  ibrot%h  the  centre  of  inertia,  when  translation  only  takes  place ; 
or  (3)  two  equal  and  opposite  parallel  forces,  which  produce  rotatian 
oBly ;  or  (3}  a  single  force  which  does  not  pass  through  tbe  centre  of 
mertia.  In  this  last  case,  if  we  add  t«ro  equal  and  opposite  forces  acting 
throogfa  tbe  centre  of  inertia  and  parallel  to  the  resultant^  diey  will  not 
inftiBtce  tbe  motion.  One  of  these  forces  will  then  fonn  a  coui^de  wift 
■be  reanhant,  and  the  otber  will  be  a  force  equal  and  parallel  to  Ae 
lesuhant.  acting  thimqrh  the  centre  of  inertia  and  tendiiq  to  ptednee 
tnnslation  of  the  body. 


CHAPTER  IX 
EQUILIBRIUM   OF  FORCES 

71,  EquUlbrtam. — When  the  forces  which  act  on  a  body  are  so 
balanced  that  they  produce  no  acceleraiion  in  the  body,  that  is,  do  not 
alter  its  state  of  moiion,  they  are  said  to  be  in  equilibrium.  A  study  of 
ihe  conditions  that  have  to  be  fulfilled  in  order  that  the  forces  considered 
may  be  in  equilibrium  is  sometimes  considered  as  a  separate  branch  of 
mechanics,  called  Statics. 

The  name  statics  is  al  first  sight  rather  misleading,  since  it  does  not 
follow  because  the  forces  acting  on  a  body  are  in  equilibrium  that  the 
body  la  at  rest,  for  if  the  body  is  originally  movinj,'-  the  velocity  will  con- 
tinue uniform,  and  not  be  altered  by  the  forces.  The  appropriateness  of 
the  name,  however,  is  apparent,  if  we  consider  that  unless  the  forces 
iK'ting  on  a  body  are  in  equilibrium  it  is  Impossible  for  the  body  to  remain 
ai  rest,  llcnce  we  may  if  we  like  define  forces  in  equilibrium  as  such 
tlint  they  render  it  possible  for  the  body  on  which  they  act  to  remain 
111  rest. 

72.  Conditions  for  Eqallibrlom  of  a  Particle.— It  is  obvious  that 
n  [lartiilc  acted  upon  by  a  single  force  cannot  be  in  equilibrium. 

Fur  two  forces  ailing  on  a  particle  to  be  in  equilibrium,  they  must 
fulfil  llir  following  conditions:  They  must  be  (i)  equal  in  magnitude, 
(j)  acl  ailing  the  same  straight  line,  (3)  be  of  opposite  sense.  When 
ii'fcrring  lo  these  conditions  in  (uiurc,  wc  shall  for  shortness  simply  say 
thill  till-  forccH  must  Ik;  equal  nnd  opposite,  but  it  must  be  remembered 
that  iIiIh  is  only  an  alihri'vtallnn  for  the  above  three  conditions. 

'Ihe  I  riiuiiticm  ihat  three  forces  acting  on  a  particle  may  be  in  equili- 
liriuiii  is  that  any  one  of  the  forces  must  be  equal  and  opposite  to  the 
iciillaul  iif  the  remaining  tw«,  for  we  m.TV,  if  we  please,  replace  any 
tim  of  the  fi)rii'i  hy  llirir  rc'^iillanl,  when  we  should  have  reduced 
till-  pniliinn  to  llic  cquilibi'iiiiu  of  two  fnuos.  The  resultant  of  any 
twci  of  the  fniics,  say  1"  am!  '\  must  lie  in  the  i>lunc  containing 
I'  and  1,1.  Mc-nir  if  tbrrc  is  In  he  rc]iiilil>rium  ihc  third  force,  since  it 
nuisi  li<>  n\\\.\\  ;ind  o|i|msiic  lo  this  resiiliaiii,  must  also  lie  in  ihc  plane 
I  (inlainiiij;  ihc  olliri'  Inn  fiiric>.  1  icme  llii'  lii-.l  nmdilUm  lor  (qnililiriiim 
is  lliat  till'  Ihn'c  lull  rs  niii-.l  all  Iif  ill  niic  phoii'.  .\s  1i>  ihi'  u'l.tlioiis 
1»-tivi-i-n  llii'liiaKnilnilr  iif  Ihc  fiiiii-s,  the  iisiill.iiil  nf  iiiiv  l«ci  (r  ■oul  i,i>  is 

rc|ircscnli'i|  hv  I  hi'  lii.ijji'ii-il  "u  ;l''ig.  54^  I'f  I  he  (i.iialli'lojji.iiii  1  oiiMriiili'd 
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m  the  Imcfi  OP  and  rxj  a*  adjacent  smIci.     Hence  the  otlier  force  must 

be  r*pr(a«nt*<1  in  raajfn'i"**  i"*'  direction  by  fcO^  or  l»y  08,  where 
S  is  etjial  to  <tR  and  in  iImi  MUne  straight  line  with  it.    Since  ijR  is 

^lal  10  OP,  *t  nay  take  (jK  to  represent  the  fnrcc  p  in  magnitude  and 
dnvclinn  (S  65}.  Tltco  (h«  three  forces  will  be  repre^rnicd  byoi]^<jK, 
lK<>,  the  sides  of  a  tnan^.     Hence  if  it  U  possible  totliawa  triangle 


q 


whirh  iti«  sides  are  parallel  or  pcrpendicuUr  to  the  three  forces  and 
pofHinnHial  to  lli«in  in  luagnitud^-,  the  force*  mill  be  in  equilibrium. 
Il  laiHI  be  upecialiy  mvtked  thai  in  dnvi-inK  the  triangle  ihe  side^i  must 
all  be  drntu  in  the  wmc  »e'ii*e  as  ibc  fortes,  so  that  when  nt'  plare 
ant)wi  no  the  ii<)es  to  show  in  vrhich  Min»c  the  fortes  act,  all  the  aiTOwn 
nuy  potot  the  same  way  rowW  the  triangle,  as  sho«n  at  a  n  u  in 

The  conditions  of  e<iutlibmim  for  any  niimlKr  of  forces  acting;  on  a 
(article  are  that  Ike  forcei  can  be  rcprctcnted  in  magnitude  and  (lirection 
by  the  side*  of  a  doted  polygon  taken  in  order,  i.t.  dr:iwn  in  the  lanie 
seme  a»  Ibc  force*.  This  at  oikc  follows  fioni  the  pcdy^^in  of  forces,  for 
the  resullanl  of  alt  the  forct^  but  one  ii  r^resented  in  m.i^-niludt;  and 
dncctinn  tty  ihe  line  jmning  the  sianin),'-poinl  to  the  end  of  ihc  last  hnc 
dnan  in  rl»c  polygon,  iji.  by  the  renuhiinK  side  of  llie  polygon,  which  b)' 
npposiiioa  represents  in  inusnitude  tlie  only  force  not  yet  uidudcd,  but 
H  ta  an  opposite  tenie. 

78.  CoodiUons  for  Equilibrium  of  a  Rigid  Body.— In  ihe  case 
«f  a  rijcid  body  the  lino  of  action  of  the  (orcrt  need  not  all  pass  through 
a  singte  point,  and  in  ortler  that  the  body  may  be  in  etiuiltbritun  (he 
fixxes  miM  not  lend  to  prodiire  either  iranslatiun  or  rotation.  If  the 
ibvclicms  oTall  the  forces  puis  through  a  single  point  they  cannot 
prodacc  rotation,  and  hence  if  they  fulfil  the  cnndiiimis  git-en  in  the 
pendioir  eeciion  fat  a  particle  ihey  will  be  in  rquilibritittL  If,  howet-cr, 
iIn  Baas  of  adion  nf  the  furcef  do  not  all  pau  ilinMgh  a  point,  ihrn,  in 
ontcT  that  llicn:  may  bo  no  rotation,  they  mirtt  have  no  rcMiliant  nM»neni 
tndinf  ti>  turn  the  body  .ibaut  any  a.vis.  The  gcneml  cotxliiion  ^ 
iqnhbnnm  u  timvfote  tlut  the  sum  of  the  moment*  of  all  the  foreci 
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lakcn  iiboul  ni-ry  p  )i:it  must  lis  icro,  and  that  the  forces  can  be  repre- 
sented in  iin;,'nilu,-'.i  a  ul  i!irtclion  by  the  sides  of  a  closed  polygon  taken 
in  order. 

Since  in  most  cases  wc  shall  only  have  to  deal  with  forces  acting  in  a 
plane,  it  is  of  interest  to  examine  the  condition  for  equilibrium  in  this  case 
a  little  more  fuily.  As  by  supposition  the  forces  all  act  in  a  plane,  it  is 
evident  that  they  can  only  lend  to  produce  motion  in  this  plane  (by 
Newton's  second  law).  Hence  if  we  take  two  fixed  lines  not  parallel  (and 
preferably  at  right  angles)  in  tliis  plane,  every  possible  translation  must 
either  be  parallel  to  one  or  other  of  these  lines,  or  else  compounded  of 
translations  parallel  lo  the  two.  Hence  if  the  sum  of  the  cornponents  of 
the  forces  when  resolved  parallel  to  these  lines  is  lero,  there  will  be  no 
tendency  to  motion  alonff  either  of  these  directions,  so  that  there  will  be 
no  translation.  The  condition  for  no  rotation  is  that  the  sum  of  the 
moments  about  every  point  in  the  plnne  shall  be  zero.  If  both  conditions 
are  fulfilled  ibcrc  is  equilibrium.  If  only  the  first  condition  holds,  then 
there  is  rotation  without  translation,  i.e.  alt  the  piiinis  of  the  body  move 
in  1  irrlcs  about  a  fixed  point  as  centre  ;  if  the  second  condition  alone  is 
fulfilled,  then  there  is  translation  without  rotation,  i.e.  all  the  points  of 
the  body  move  with  the  same  velocity  in  parallel  paths. 
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74.  DeflnltlOD  or  WoFlc-lwhen  a  force  Acts  upon  3  body,  and  the 
i>ini  of  npplk-iteon  of  the  (oicr.  moves  \a  the  direciion  of  the  line  of 
'ftclionof  llic  force,  ihc  force  is  said  1«  dotvuri  on  the  Ixidy,  Tlie  aiiiouiiC 
of  imiik  done  by  ihe  force  U  mca&utcd  by  ihc  prnilLirt  of  the  fuicc  into 
Uw  disiaace,  tneuiured  alont-  its  tine  of  action,  moved  ihrtnigli  by  ici  point 
of  application.  Heme  if  a  forte  F  suX'i  on  m  hw'.y  while  its  point  of 
application  movei  through  a  di^imu.'e  s  in  the  line  of  action  of  the  force, 
tie  work  ( fl*')  done  fy  the  force  u  gi\-cn  by 


ty-r*. 


If  tlie  body  mores  through  a  distance  /  io  the  direciion  oppused  la 
Ibc  loice,  woiti  is  said  to  be  done  against  the  force,  ibe  ymk  done  being 
at  before  measured  by  Ibe  product  /'/. 

If  the  dispUireinent  of  the  point  <■(  application  of  the  force  ii  not 
bIimix  *^^  '""^  "^  dircclinn  of  the  force,  but  inclined  l»  it,  then  *«  must 
ratculalc  the  cnmpoDcnt  of  ibc  displarrnK-i>l  nlnflft  the  direr tion  of  ihc 
(ntre,  and  this  component  tnulti|>Iie<l  by  the  foiY«  g^vf^  ihe  nork  done 
by  or  against  the  fofce,  a3lbeca»emaybr,durii>t;  thedisplaccnieni. 

Tlun  mppocte  AC  {Vis.  SS)  represents  the  direction  of  the  line  of  aclioo 

of  ibe  force  (A)  and  am  the  diipbcenicnt  of  thepotntof  oppjicntion.    Thi-n 
CMnponeDt  of  the  d'laplacemcrtl  0--^^C 

the  line  U  action  of  tlie  force  is   't 


^kaiher 


\  obuiDed  by  drawing  Itn  perpcD- 
ir  10  AC     Hence  the  work  done 
fjilK    The  correcineMof  ibr  nlnre  /^  fi 

ion   it  evident,  for  the  di^  nc.  $$■ 

AB  of  ihe  point  of  application  may  be  replaced  by  the  dis- 

^1  All  and  DB.     During  ibcse  dUpliircmenii,  no  w»ik  will  be 

iby  ihr  force  while  ilie  point  nf  appliratiuii  i*  mo\mi;  ftnm  l>  to  1^ 

ihe  iTi'M'rriM-nt  is  at  tiifht  anjftes  w  i)ie  line  of  action  of  the  force. 

If  wc  call  tlic  Allele  between  ilw  line  uf  action  of  ilie  force  and  the  line  of 

ti 
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displacement  of  the  point  of  application  ft,  then  Ab=AB  cos  B.     Hence 
the  work  {W)  is  given  by  the  equation 

W=-AB.  cos  A/^ 

If  the  force  F  were  resolved  along  ab  and  perpendicular  to  ab,  the 
component  of  ab  would  be  F  cos  ft  Now  the  displacement  is  at  right 
angles  to  the  component  which  is  perpendicular  to  ab,  and  hence  during 
the  displacement  no  work  is  done  against  this  component.  The  work 
done  is  equal  to  the  product  of  the  actual  displacement  of  llie  point  of 
application  into  the  component  of  tlie  force  along  the  direction  of  the 
displacement,  it  being  of  course  understood  that  where  the  force  is 
resolved  along  the  direction  of  the  displacement  the  other  component  is 
taken  at  right  angles  to  this  direction. 

Since  IK=^j,  we  have  F^  If /j,  or  the  force  acting  on  a  body  moving 
in  ii  Mraighl  line  is  the  work  done  during  a  given  displacement  divided 
liy  that  (iisplacciiieni.  Hence  we  might  define  force  as  the  space  rate  at 
which  Murk  is  done  (sec  note,  p.  27). 

75.  Units  of  Work.^In  the  c.g.s.  system,  the  unit  of  work  is  done 
when  a  body  acted  upon  by  a  force  of  one  dyne  moves  through  a  centi- 
metre in  the  direciion  of  the  force.     This  unit  of  work  is  called  the  erg.\ 

As  « ill  be  shown  later  on,  the  dyne  is  very  nearly  equal  to  the  force 
with  which  the  earth  attracts  {i.e.  the  weight  of)  one  milliKr.im  (nftjn  grm.), 
so  that  approximately  an  erg  of  work  is  done  when  a  milligram  is  raised 
through  one  centimetre.  Since  an  Enghsh  penny  piece  h:i3  a  mass  of 
alMiut  9450  milligrams,  and  the  average  height  of  a  tabic  is  about  72 
centimetres,  it  follows  that  about  9450 x  72  =-680,400  ergs  are  done 
when  a  penny  is  raised  from  the  floor  to  the  top  of  a  table.  It  will  be 
seen  that  the  erg  is  an  excessi\'ely  small  unit,  and  hence  for  most 
practical  purposes  it  is  usual  to  use  as  the  unit  of  work  the  joule,  which  is 
equal  to  10,000,000  or  10'  ergs. 

In  the  foot -pound -second  system,  the  unit  of  work  is  done  when  the 
point  of  application  of  one  poundal  is  moved,  in  the  direction  of  the  force, 
through  a  distance  of  one  foot.     This  unit  is  called  the  foot-poundal. 

The  dimensions  of  work  are  :  \Forcc\  [/.]  =  [i^.lA  r.--]. 

A  foot-poundal  is  equal  to  4.2 1 4 '^  lo'^  ergs.  This  equivalent  could  be 
at  once  obtained  from  the  ratio  of  the  pound  to  the  gram,  .ind  of  the  foot 
to  the  centimetre,  by  aid  of  the  dimensions,  as  was  done  in  g  61  in  the 
case  of  the  absolute  units  of  force. 

76.  Gravitational  Units.  — It  will  be  convenient  to  anticipate  in 
some  measure  a  few  of  the  points  which  will  be  dealt  with  at  greater 
length  in  Chapter  XI U. 

It  is  ^  matter  of  common  observation  that  al!  matter  is  allrartnl  hy 
llie  earth,  or  in  other  words  possesses  weight.  Ii  c.in  be  jiimcil  by 
experiment,  as  we  shall  see  later,  that  all  Ixidies  when  allowed  !<■  fill 
freely,  that  is  to  move  under  the  influence  of  the  force  etierted  on  ihem 


Gritvilatioftat  Units 


owng  to  the  sitraction  (if  the  «anh,  uuive  with  tJw  Mine  accelenniom  m 
uyi^iveD  puinl  <m  the  eacth's  MiriAce.  This  M:cc(cratiaii  nf  a  (red)-  faUing 
fcodf  is  generally  indicated  liy  ih«  syinbi>l  g.  Lei  If  be  the  wci|;hl  eS  ft 
body  of  tnaw  m,  that  i»  the  force  with  which  ihe  wirih  nitracts  i), 
meuurr*!  in  abtohiie  units  {ihitt  is  in  d>'iM»  if  m  is  tncauirc<I  in  Krams, 
■ad  in  poundaU  if  m  U  measured  in  pounds^  I'lien  siiu.'e  the  (mcc  ff 
<rbra  acting  on  the  mast  a  |>n>duce«  an  accelvrauoji  g.  uc  have 

TIk  value  of  /  in  the  C^J.  »)-!>Iem  ii  ubaut  981  cm./sec'.,  «o  that  the 
it  afa  jfTuni  ii  c<4ia1  la  about  981  dynes.     En  the  foot- pound -seoood 
g  u  about  j3  (eel,  secV  so  that  the  n-cight  of  a  pound  is  about  3: 
fuUDdaU. 

A  ^-nem  of  units  is  oAeti  cm])Joy«i)  in  which  the  iinil  «f  force  is 
:«i  a^  ilic  fmrcc  with  nhich  the  <--aTth  aiiiacii  a  ^ivcn  lump  of  milter 
ben  it  b  al  a  certain  fixed  point  on  the  eartli's  fturfaiie.     Tliis  unit  of 
b  then   taken  a«  one  of  llw  (und:uncnial  units,  the  otliers  hcinK 
of  Icnifth  and  time.     Such  a  syMein  of  uniti  is  called  a  gnivita- 
lioul  system,  and  it  is  this  system  which  is  almost  exclusivciy  used  by 
ineett. 

The  unit  of  force  in  the  metric  eiaviiaiimial  system  is  the  foro;  with 
■hidi  the  earth  attracts  k  ma*s  of  a  gram  when  at  the  sca-leicl  and  at 
Utiiudc  4;'.'  This  force  is  equal  to  a  force  of  t^fuxb  dynes,  for  the  value 
tig  at  wa-lcvcl  and  latitude  45'  is  ^Safi  cm.,  sec'. 

Tlie  unit  of  force  ia  the  British  tciavitaiional  system  i*  the  force  with 
vindi  Ibe  earth  aiirwris  a  tnau  of  a  pound  at  scA-krirl  and  Uiiiude  45*. 
Tbb  unit  of  force  is  ctjual  lo  ^j.iji  poiindals,  for  ^  has  the  value  31.173 
foot,  let:'. 

Is  the  KraTitattottal  system  of  untU,  since  tlie  miit  of  force  is  taken  as 
one  of  the  fimdatitental  units  in  plactr  of  niass,  the  unit  »f  masi  is  derived 
from  this  unit  by  means  of  Newton's  second  law.  Thus  the  unit  of  mass 
on  dw  gravitational  s>'stem  vbcn  acted  upon  by  the  unit  force  in  this 
sysum  iniai  move  «ith  unit  accelciaiion,  tlut  is.  one  centimetre  per 
wiiwiil  per  secotMl.  or  one  foot  per  s^conil  per  second,  as  iho  case  may  be. 
Nmr  at  sea4evel  and  latitude  4$'  the  quantity  of  matter  (grsm  or  pound) 
Uted  to  drftoe  the  ({raritatioiul  unit  of  force,  if  allowed  to  fall  ^ely, 
inihl  move  with  an  atcclcraiionA' (■>8a6  cm.'sec'.  or  51.171  foot/sec*.), 
it  andri  these  dmsnsiances  it  would  be  acted  upon  by  the  gtavitalioiM) 
(if  force.  Hence  lo  tiMM-e  viih  unit  acceleration  the  mass  moved 
b«  g  times  as  great  »  the  quantity  of  mallcf  used  to  ddinc  the  unit 
Thus  the  unit  of  fitass  in  the  nteiric  gravitaiioital  system  is  equal 
to  qCoiA  grams  i""!  i"  *'i^  Rtitish  );ravitaiional  system  to  3:.  173  pounds. 
Slt>c«  the  value  of  the  attntctiun  exerted  by  the  earth  on  a  given  mau 
is  BM  the  same  all  over  the  surface  of  tbc  earth,  the  ^laviiationtil  unit 

■  TlieMlK«(^i*l>yiiBn>e>n*»>ct>>nMaiaapcatoontlKeanh.    {SkB  ti6.) 
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offeree  wHl  not  everywhere  be  eitaciiy  equal  lo  the  force  wiih  which  ihc 
oirth  ammcts  {i.f.  ihe  wciKbt  oQ  a  grnm  or  )>uund,  ai  the  ca»c  n»iy  be. 
For  comparaiivcly  roiijfh  racisiircmcnts,  howcvtr,  in  w}iich  tlie  duingc 
in  Ihc  vsluc  of  the  jiraviiatinnal  .iHraclion  may  be  ncxkcled,  tliere  i«  no 
(loubl  it  is  ofien  convenient  to  use  ihc  jjravit.iliooal  units,  patiirularly 
when,  a*  is  often  tlie  ca»e.  all  the  forces  which  h.ive  to  be  dealt  tnxh  are 
due  10  the  action  of  f^niviiy  on  mailer.  For  scientific  purposes,  however, 
there  can  be  no  doubt  that  tlic  ahiolute  system  of  unili,  in  which  tiia>a  i* 
Inlten  as  ihc  fundamental  unit,  is  preferable:, 

fPhc  units  of  work  or  cnrr);y  in  the  two  },'rnvimllonal  tystenu  are  the 
work  done  in  lifting  a  gram,  or  a  pound,  ihrmiRh  a  centinieiic,  or  a  foot, 
as  the  ca«c  may  be,  at  the  se:i-levcl  and  at  latitude  4;*.  These  unili  are 
called  ihcfiriun-centimclie,  and  foot-pound  units  of  work  rt*|>ec lively.^ 

The  following  tables  exhibit  ibe  connection  bi^lwcen  llie  fundamental 
units  and  the  units  of  force,  mass,  and  work  in  the  ab^ohiie  and  grarita- 
tional  systems  :— 

Mirmic  Systkm, 
FundameHfaS  Uniti, 


AbaaliUh 

Ot«vitaiJun&L 

I^HKlh    .                ■    Ccnlimetre 
Ma«       .        .        .    Cram 
Time                .        .    Second 

I^rnglh   .        .        .    Ccotimetw 

1     4S^  and  sea-l«-el 
Time               .        .    Second 

Dtrivtd  t'mti. 

F'orce       ,         ,         .     Uync             '   NUs-s                 .         .     980.A  grams 
Work  and  Energy  .    Erg                 Workand  1  Gism-centinieirtt  ai 

Energy   1     lat.45'andtefl-1ei-el 

British  SrexEM. 
Ftmdamtntal  I/nils. 


Alaolut*. 

GraTliadMKU. 

LeOii'lh         .        .     Fool 
Mass    .        .        .     i'ound 
Time    .        .        .    Second 

Length        .        -     Foot 

«             Wciijht  of  u  pound  at  lat 

Time  .        .        .    Second 

litrivtd  Unils. 

Force  .                     Poundal 
Work  suid  Enerjcy    Fooi-paunda) 

Mast  .                .    33.i7ipoimdB 
Work  and  J  Fooi-poiind  at  tat.  45' 
Energy   j     and  sca-lcvel 

J 
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Since  ll'c  (un.c  «ilh  which  (he  «ailli  Httiu<.'ls  a  iiia»  or  is  C4]Ua1  Io  mg  i 
ab«olutc  uniu  of  forc-c,  the  wuilc  irlnch  i»  doiM:  when  lliii  mass  ii  tni»e<l  { 

If  Mr  u  expressed,  in  granu,  >,'  in  ciiiyicc'.,  and  h  in  cm.,  i.t.  if  all  ibe 
i|iantit>c*  ATC  mcMured  in  r^>t.  absoluic  iiniit,  then  (be  wuric  mgk  i» 
aimswd  in  pijis.  If  ■»  i*  nx-jwured  in  pounds,  g  in  fbo(,'>cc'.,  and  k  in 
fcCL  (hen  ihc  w'oilc  mgk  \%  expics^d  in  font-pnundidc. 

If  iIk  npi-rimi-nt  i!>  {•ciforincd  SA  latitude  4;'  nnd  ai  ilin  ikq-Icvc],  ^B 
(hen  Ihc  work  dune  in  niiaing  m  ^rM\a  ihrou^lt  a  height  of  h  ccntiineircs  ^1 
B  mh  in^in'cen(imr(rei.     If,  Iiom-eier,  (he  cxperimeni  ii  pcrfoimcd  a( 
a  point  on  iIm  eartli'x  surface  when;  the  accclenilion  of  gravity  19^',  llicn  ^_ 

(he  work  done  will  Ik  '^•rAn.b  ^■^"■'<^<^l'<i**^"''*-    ^'"'  ^'  "'^^  standnrd  ^| 

position  (he  \-nlue  of  ihe  acceleraiion  of  gravity  is  9S0.6,  and  ihe  fiwcc 
with  wbirii  ibc  earth  attract*  a  jiiven  mass  is  proportional  to  (he  at'celeia- 
(ion  of  Kraviiy  nt g.  In  (he  snmc  n-ay  the  work  done  in  mising^m  pounds 
thnu^b  k  Icci  nt  the  sundnrd  pmiiion  is  mh  fnoi-poumis,  uhilc  at  a 

place  wberc  the  actdcralioii  of  graviiy  n  g  it  is  «**-,;,  fixn-p"iin<!», 

77.  Graphk  Repi^«nuUon  of  the  Work  done  by  a  Foree.— 
If  a  f(MC«  (/■')  itrmains  uiiifonn  while  its  poini  of  application  moves  in  1 
ilirectKin  of  the  Ance  ihrauKh  ii  di3t;ini;u  s,  the  work  done  t*  t'j.     \ 
the  line  ox  (Fix.  56)  repment  space  in 
the  direction  of  ibc  tine  of  turiion  of  the 
farcci  and  distances  measuied  inrallel  i» 
a  line  or,  ai  riKht  an)cl«*  to  ox,  rcprencni 
the  magmfutU  (noi  direction)  of  tlic  force, 
tf  (hrouf;h  H  and  n,  an;  two  points  in  ox. 
we  draw  two  lines  MP.  NQ  paiallel  10  ov, 
mkI  of  «ach  a  Icnjfth  that  \\Kf  reprcsenl 
ibe  maXnttude  of  p.  then  the  arm  of  tlie 
RcliuiKk  Mivx  "ill  reprc^eni  the  work 
done  by  tlw  force  while  its  point  of  appli- 
nUiOB  movct   lUioiiKti   the  disunce   MN'. 

Fur  dir  aren  of  the  rrctariftle  it  e<|ual  tn  MK  k  MP,  and  MK  represents  1, 
and  Ml'  represent*  /■'.  ui  that  the  pTi><tu<:i  /'./  i*  represented  Ijj-  the  area 
ot  ilie  tvctan^'le  mH^n,  thit  b,  there  are  as  many  uniis  of  area  io  mpijk 
at  there  are  uniu  of  wnik  in  A'./.  Ilcnce  if  a  reniimelre  aloni,*  fix 
n|resenu  a  dispAnccmcnt  of  one  centimetre^  and  n  centimetre  along  OT 
tvprucnu  a  force  of  one  djne,  tlten  each  Mjtiare  centimetre  in  the  area 
wid  repreaeni  an  cr^. 

If  (ho  force  ia  not  constant  in  manniiude  during  the  dttplacement, 
w*  must,  0*  was  done  in  the  case  of  speed  in  J  34,  dran'  a  cun-e  sudi 
that  the  otdinulc  (UP)  at  any  point  M  on  the  axif  OX  rcprotni*  the  force 
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r  KliDtc  when  ih«  puiot  of  application  U  at  %r.    Tlien  the  orcn  oantAined 

^between  aay  titu  ocilinatc^,  the  cun'C  and  the  axis  (.>X,  will  represent  the 

wrorW  Aaac  white  tljc  point  of  upp!icmi»it  of  tlie  forte  moves  from  the 

point  corrcs ponding  li>  the  foot  of  one  ordiiiMe  to  th.il  corieaponding  to 

the  foot  of  the  oihw. 

As  an  exitniplc  of  (he  applicniion  of  thit  frraphical  method  of  rvpic- 
seiitiiij;  iho  work  done  by  n  v.iriaUc  force,  we  may  take  the  ti^ethod 
employed  to  deientiine  ilie  work  dooc"  l>y  the  steam  during  cacli  stroke 
of  '  slKuivi-ngine  piiton.  The  LUni:  is  drawn  mechuiiicall;,'  hv  means 
nf  an  inilrutiient  <2lle(l  itn  inditulur ;  this  <:()n3iiii  of  ii  smull  L'ylinder, 
the  piiloo  of  which  i*  held  down  by  a  sprinK-  A  pencil  siiiiched  lo  this 
pii^Iou  bears  on  n  sheet  iif  pjijier,  ivhirh,  by  means  of  n  CDnnccting  link, 
if  moved  hnckwnrdii  an<i  foru'.irtU  liy  the  pinion  of  the  cn>;in(^  aIonj{  a 
line  at  right  angles  lo  ihe  direction  in  wliirh  ihc  pencil  is  moved  when 
ihc  indicator  piston  is  forced  back.  The  cylinder  of  the  indicator  is  «in- 
nectcd  by  a  pipe  with  Ihc  inside  of  the  enxine  cylinder,  so  thai  ihe 
amauni  the  spring;  is  foiccd  liack,/.^.  the  movement  of  the  pencil,  is  a 
measure  of  ihe  pressure  of  the  Stcmn  in  the  tylinder,  ami  hence  of  the 
force  acting  on  the  engine  piston.  A  ciin'e  ohlaintd  from  such  an  indi- 
cator i»  ihou-n  in  Fig.  5;.  Here  the  forte  acting  on  the  pi&lon  is  mea- 
sured .ilonj;  c.iv,  and  tlie 
displaceinenl  of  the  piston 
along  ox.  The  length  MN 
represents  the  "stroke"  of 
llie  piston,  or  the  distance 
thrnujih  which  it  imvels. 
Siaiiing  from  A,  the  pari 
of  the  curve  ABcd  lepre- 
scnis  the  pressure  acting 
on  ihc  piston  while  it  )« 
movinji  in  ihc  direction  of 
this  pressure,  and  henct 
llie  work  done  u/t  the 
pisinn  is  represented  by 
the  nrrn  MAIicuxM.  Dur- 
ing the  return  stroke,  however,  wliich  is  rcpraenied  by  tlie  piirt  nvs  of 
the  niriT,  the  piston  is  moving  against  the  pressure,  .ind  tlie  work  done 
6y  the  piston  is  trptescmcd  by  the  arei  MAKi>N.M.  Hence  llic  work 
done  ■">  the  pislun  during  a  complete  lo-and-lro  motion  is  the  difTcr- 
encc  between  these  artiis,  luniely,  the  area  aucdea. 

Ily  counting  up,  il  wilt  be  found  ihni  the  figure  AliCOF.A  contains 
about  sya  small  S(|uate-w  Now  one  side  of  each  of  these  squares  reprc- 
kcnts  a  prcMure  of  4  lbs.  per  square  inch  on  ihc  piston,  wliile  tlie  other 
ride  reprcsenis  a  iravct  of  the  piston  through  a  space  of  one  inch.  Each 
cqiutrc  will  therefore  corrwpond  to  j,'ii  or   i/j  foot-potmd  of  work. 
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i  Hence  ihe  work  done  hy  ihe  xicam  on  each  M|uare  inch  of  ihe  piitnit 
ilurint:  »  wliote  revolntion  of  ihc  crank  is  330,' 3,  or  yft.%  fooi-poiindt.     I( 
1 1  n  the  area  of  ctom  section  of  the  piston,  ihcn  the  work  done  during 
-  one  revolDtUwi  i»  r&8  1  f(HH-poun<)s. 

78L  Power  or  AeUTlty.~~Ii  will  be  noticed  thai  ilie  work  done  bj- 
a  brrc  during;  a,  KiTcn  dixpliiceniienl  is  iinlepenctenl  of  ihc  time  taken, 
rbus  ibc  same  .-uiiaunt  nf  wotk  is  done  asainst  K^nviiy  by  nn  engine 
ch  dra^  a  tr.tin  up  ti  jnven  incline  in  an  hour,  as  uoiild  be  done  if  ii 
done  this  in  n  minute-     Since  there  is  praciirally  a  ver^'  K'f^'  diffe- 
'  iCBCe  bclinen  these  Iwocjurs,  it  n  obtioui  that  we  hatv  tu  lake  the  time 
an  ascnt  lakes  tu  do  a  ccfuin  quantity  of  work  into  ikccoutit.  [The  mie 
of  doing  wurk,  or  the  wotic  done  divided  bv  ibe  time  taken  la  do  it,  \% 
tailed  the  ^ffigg:  or  AUtvitj  of  an  a^;'^')'- )  Hence  in  the  ahoi'e  caie 

*tiw  power  woeldin  one~<iHseue  Nxiy  tiine^  grc;iter  than  in  the  other. 
(An  Hgent  whkh  it  rjipable  of  tnisinj;  ;}o  pouniii  tliiough  a  vertical 
distance  of  one  foot '  {i.e.  ofdoinfj  ;;d  fooi-pountl8>  in  one  second  i&  *aid 
lu  be  of  one  Aarit-pi'ietr.     TIte  French  horse-power  {(Mef-ti-t^fitMry  b 

•Mcb  that  7;  kiloKr^Kts  ^^f*  ^  raised  one  metre  in  eacli  second. 
The  pinclital  unit  of  power  based  on  the  c^.r,  iyslcin  i»  one  joole  jiet 
tccond,  atvd  ii  calk-d  tbe  watt.     Hen<.'e  a  watt  ia  ic^  ergn  per  second. 
One  boTM-poWcT  ii  equal  to  746  watt*.) 

79.  GnCFBy. — We  find  by  evprrience  iltai  under  certain  circum> 
•taiKe*  bodio  arc  capable  of  <U>iiig  u'oik.  Thus  when  a  weight  has 
been  nu»ed  up  aboie  ll>e  buifaoe  of  (lie  earth,  ii  pinsei^ei  the  capacity 
fbr  domtr  work  dttrini;  its  return  to  ilic  surface  of  the  earth.  For  a 
itnng  4ttached  10  tbe  weight  may  pais  ot-cr  a  pulley,  and  the  other  en<l 
be  attached  to  a  bucket  of  water.  If  ibc  bucket  of  o'atcr  n  lijjbter  than 
ilw  weight,  then  during  ili  lall  it  will  raite  tip  the  bucket,  and  hence  do 
wnrk.  AK^in,  a  body  which  is  in  ntoiiou  poues&e-i  the  power  of  daiji]( 
wDci:  while  K  ii  tMing  its  motion,  at,  for  iiiuance,  a  bultet  when  it 
strike*  a  Mock  of  u'ood  losei  ii«  motion,  hut  in  doing  no  it  doe*  work  on 
the  block,  for  it  penetrates  tbe  block  aKuinit  the  re«iiiin)[  force  of  the 
j^WoocL  Hetue  we  «ec  that  under  certain  rimunKtance*  bod>e»  po«»ess 
^■k  Kaptaxf  tat  daing  work  ;  and  this  capacity  for  doing  work  \a  called 

The  energy  of  a  body  is  nteasured  by  the  work  it  con  do  while 
klianfinx  to  some  itandard  ituie,  or,  what  u  lometimet  mnre  convenient, 
the  work  whkh  hat  to  be  done  nn  the  body  to  bring  it  from  tome 
abuirfArd  state  to  the  artuul  vtatc.  Thus  in  the  above  examptes  we  may 
Ihe  work  llie  "eight  can  do  before  it  conies  to  re*l  on  the 
I  at  the  xround,  or  ibe  work  llie  bullet  can  do  before  it  ii  brought 
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It  win  be  noticed  ih-il  in  Ihe  vm>  exatiiplM  givai  (he  nattinr  of  llm 
circumsUncc  owim;  tn  which  the  ijody  jmncJie^  eiitrxy  are  dilftrenL 
In  the  finl  case,  that  of  the  miMtl  weight,  il  poMe«SRS  energy  due  lo 
its  position  relative  lu  the  surface  of  llic  earth  ;  while  in  the  caac  of  ihc 
moving  bullet,  the  ent^rey  puisesMd  Ji  clue  to  (ha  muiion.  The  energy 
of  A  body  which  is  ;lue  lo  its  iiiinioD  is  called  Kiittlu  Energy,  while  the 
energy  due  to  it«  position  and  not  lo  its  motion  is  c.-Uleit  Potential 
Kmrgy.  Thuti  the  mised  weight  postcsset  potential  energy  and  the 
moving  bullet  kincilc  energy. 

SO.  PotODtlal  Energy.— F.xamplcs  of  poicntiai  cnerRy  nlmimd  in 
cvcrj-dny  life  j  thus  wtii-n  a  i:i<)i:k-»«ight  is  raised  we  do  work  against 
the  aliraction  which  existii  betwi-eti  the  u-«i^hi  and  the  enilb.  The 
raided  weight,  however,  piisscsses  ])Dicntial  cnerity.  Jind  by  the  low  of 
thit  it  keeps  the  clock  in  mciiion,  doing  work  in  overcoinins  the  friction 
of  the  p.irts  of  the  cln>-k,  impaniiie  inolton  In  the  air,  nnd  thus  enabling 
us  lo  licar  ihe  simnd  irf  the  lick,  &e.  WTicn  wtndini;  up  a  watch,  in  the 
same  way,  work  is  dune  tn  bending;  the  sprm};.  und  its  energy  i«  in- 
created  so  that  it  possesses  poienii;d  energy,  and  can  do  work  while 
It  unbends. 

In  ihe  caie  of  the  bent  ipring,  or  in  that  of  n  piece  of  strcidied  india- 
niblicr  cnnl,  it  i»  evident  thai  the  m^iierial  of  the  spring  or  cord  ii  in  a 
state  of  strniii,  and  it  is  owin);  lu  this  sinin  that  the  body  possesses 
polenticil  enctgy.  In  the  c;tie  of  llie  r.niicd  u-eighi,  however,  »c  are 
unable  lo  detect  anyihinn  connecting  the  weigh!  iind  the  earth  which 
is  strained  an<l  which  tends  to  revert  to  its  fomter  state,  and  thus 
endows  the  rni^cd  weight  »'ilh  its  potential  energy.  If  we  were  able  to 
stale  what  was  the  iiatiirc  of  ihc  stress  in  this  case,  wc  should  kttow  ihc 
cttUH  of  gnLritaliuu,  We  are,  bowe^er,  tjnable  lo  do  ihi;,  and  must 
oonient  ourselves  with  saying  that  one  portion  of  mailer  exerts  force  on 
another,  and  that  ii  is  to  this  force  that  their  mtiiu.i!  potential  energy 
when  icparaied  is  due  (compare  J  64).  Wc  vh.-ill  find  ihai  the  theory 
that  there  is  an  allper^'ading  maislci^s  medium  is  necessary  to  explain 
the  observed  fans  in  heat,  light,  and  magnetism  and  electricity  ;  we  are 
not  At  present,  however,  entitled  to  say  thai  it  is  to  stresses  set  up  in 
thii  medium  that  gravitation  is  due. 

B1.  Kinetic  Energy,— Supinise  that  a  body  of  mass  m  is  moiing 
wiili  a  speed  :-.  antl  lh;it  a  fone  /■'  acting  on  ihe  body  in  an  opposite 
direction  10  lh;it  of  the  motion  bring*  the  body  lo  rcsl  after  it  has  p.tsscd 
over  a  dislance  j.  Then  the  work  done  by  the  bofly  on  the  force  while 
coming  to  re*t  16  Fs.  Now  if  in  a  distance  i  ihe  body  loses  a  speed  i*, 
Ihe  acceleration  nnisi  be  it  =  t'','ii(J  jj).  Also  the  force  /■produces  this 
acceleration  in  the  mass  m.  and  hence /■'=Jnrt=".V|'M.  Bin  the  work 
done  by  the  force  is  Fi,  thai  is,  \iHt'^.  Hence  the  kinetic  energy  of  a 
body  of  ni.iis  in  moving;  «i(h  a  speed  i'  i*  \mv'-. 

82.  Change  of  Form  of  Energy.— The  energy  of  a  body  is  capable 
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0/  clianti'ui},'  its  form  front  poqetitia]  10  kinctk,  nnil  xht  vtrta.  Thus 
Mi|ipoic  a  sloiir  of  m.iM  m  ii  suppurlcd  nil  iIm;  cil^c  of  a  iilifTuI  a  heiKlil 
A  above  ihe  base  of  (ht  cliff  The  potential  energy  '»  "-"tiunl  to  the  work 
di>n«  in  raistni;  the  modf  thnnijih  a  vcnical  height  h.  The  force  wiih 
irhkh  the  ninh  altrariK  lh«  «Anc  U  o(|iul  10  the  pnxluct  <if  the  milts  of 
(he  siniw  («)  into  the  accotcraiion  which  the  force  wouli)  produce  ((>.  g). 
H^nce  in  taUing  tip  tli«  stone  it  hn^  been  ntoved  through  a  ^ncc  k 
nx'-tinst  a  force  in-,  and  therefore  ibe  work  done  bus  been  «vA,  so  tbni 
thit  'vi  it*  potenli-ii  cncrg)'- 

If  mat!  the  stone  be  allowed  in  fall  freely,  ii  tvill  gradisill}-  knc  ill 
potential  energy,  hiit  nill  at  the  tame  lime  acquitn  velocity  and  hcnrc 
hincli<:  cnerRv.  After  it  h*i  fallen  a  distance  j,  its  Sfincd  »ill  he  given  by 
the  c()uation  (■'-I;,"*,  and  hence  iti  kinetic  energy  (Jwi^  will  be  cqml 
(o  wrfT.  The  potential  energy  is  now  mg(A~j\  mikc  tlie  stone  is  nou' 
at  a  height  (*-i)  above  ilie  >jround.  The  »um  of  Oie  kinetk  and  poteif 
till  eneTKiet  i»  therefore  equal  io  mg^-*-mxi6~i)  which  i*  etgual  to  mj^i. 
the  original  potential  ener^-.  \VIien  the  ftoae  reaches  the  timutid  its 
potential  energy  is  lero,  but  the  speed  whkh  It  ha«  acquired  h  iw>u-  g^ii'cn 
Iq-  r'-^f*,  and  hence  the  kinetic  enrrgy  (imt/'f  '»  equal  lo  mgi,  the 
tame  value  ax  ihc  potential  ener^'  at  the  stan. 

Thus,  althou^'h  daring  the  fall  of  (he  body  there  U  a  ^rndual  chaiifte 
of  pMcntial  energy  inio  kiocik-,  the  total  energy  remains  ronsuint. 

If  the  sintie  n-cre  thrown  veriically  tipwnidh  with  a  speed  v,  then  to 
Man  Hiih  tlie  kincik  energy  would  be  \m-.''.  TWu,  would  gradually 
<liininisli  as  the  Monc  ro*«  and  Inst  «|)eed  j  there  wonW,  liowcver,  be  n 
(,-ain  of  piiiential  ener^'y.  >A'hcn  the  stone  is  at  the  top  of  tis  ilight  it 
ronies  for  an  inilunt  10  rtiX,  so  thai  its  kinetic  eiwr^'y  n  now  leta  ll 
lioiiTver  poiH-uci  pulenliut  energy  exactly  c(|iial  in  amount  lo  its  original 
Icinnir  i-nrfi."y. 

83.  Principle  of  tbe  Conservallon  of  Eaergry.— In  the  pfevkms 
scelion  we  saw  that  altlinUKh  liw/prm  of  the  encrjiy  of  the  stone  nltcicd, 
so  thai  it  existed  somclimet  a*  potential  enctK)'.  Mmielimcs  as  kinetk 
eiKtKy,  and  wiinetime«  as  Ixith  loKether,  yet  the  tMal  quantity  of  eneixy 
was  enniiant  thniU(,'liout.  We  shall  in  sulseiiuent  ^e^iioni  consider 
nuiny  other  fotnu  in  wbieh  enei^y  can  exlit  besides  thote  almidy  con* 
Hidercil,  and  wc  shall  find  ihat  lhe»e  diffetent  forms  of  energy  ran  te 
convened  ftofti  one  kind  10  the  otiKr. 

When  the  stone  renchci  (he  ground  it  is  brought  to  rest  by  impai^i 
with  the  ground,  when  il  ■ill  ap{)arenily  have  kMt  boih  its  kinetic  energy 
iind  it*  puteniial  energy.  It  iv  however,  fmind  ihat  ihe  eneigy  has  not 
been  Ifst.  l>ul  hai  been  transformed  into  another  fomi,  namel).  tliat  of 
Iteal.  so  that  both  ll>e  sione  and  ll>c  part  of  the  earth  it  itiiirk  ate  warmer 
than  the}'  were  befiwe  the  iinpacl.  Jixile  ha*  indeed  sbown.  ai  ne  sliall 
see  Ulern;]5l\ihat  in  rvcry  ra»c  a  t;tteaiimoani  of  work  entirely  spent 
I  produdnit  Imuii  slwayt  pmlucc*  the  kainc  quantity  of  beat,  no  matter 
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how  th«  cnnvcTunn  lakes  plitcc  Fitr  instance,  a.  civen  niuiibcr  *A  ci)!* 
of  work  whirh  can  be  abiained  from  ainppinK  a  movinc  bullet,  luul  licavc 
d«-6ITOying:  it*  tinflii  energy,  will  jnodixc  a  r.cnain  <iiiiiRlily  of  heat. 
The  tame  number  of  trgi  of  n-ork  <ionc  in  nibbinK  a  bulttHi  on  a  piece 
of  woud  nil!  produce  cuctly  the  samc  qimatHy  of  hmi.  The  cncr^*  in 
t)i«  form  uf  lieut  jxiMCUCd  by  n  body  i^  bUp|>osc;l  tu  1>l-  due  lu  llic  motion 
of  it*  p,-irii.:I«,  If  this  be  m),  ihcu  liie  kiiittii.-  eniTiiy  of  the  slone 
moving  at  n  whole  is  converted,  b)'  imjuici  with  ihc  K'^mtl,  into  kinetic 
enerf^  of  the  parlUUt  of  the  body  nnd  ihc  c;trth  near  ihc  ])oint  i>f 
impnci,  ihc  particle*  moving  (pmbahh'  b.-u-J:wards  and  forwards  with  .1 
vibratory  moiioii)  wiih,  on  the  whole,  n  tp^itcr  velocity  than  before. 

Time  obtervations  may  be  ^eiicraliwd,  for  in  cvciy  case,  without 
cxc^ition,  it  is  found  thai  the  sum  total  of  all  ilie  cner|;y  williiii  any 
tfiven  Itoaadary,  llin)ut;h  which  enci^-y  is  not  ullowcd  |:i  pass,  remains 
consUiiI,  although  the  cnerfey  w-illiiii  the  boundary  ma)'  be  Ir.iusforoied 
into  any  of  ilic  many  fonns  In  which  it  n  aipable  of  exisiing. 

The  abate  atatcincnl  amounts  to  aci  cnuncialinn  of  a  docirine  which 
is  prsiciicnlly  ihc  kcyxionc  of  modern  science,  and  is  known  m  the 
doctrittt  or  prineiplt  cf  ikr  (OHstfVatioH  of  tntrgy. 

It  follows  thai  if  Ihc  boundary  coBsidered  includes  llic  universe,  the 
principle  of  the  ccmservalion  »f  energy  amounts  lo  a  ^tutenient  tliat  the 
sum  total  of  llic  energy  of  the  tinivcrsc  is  3  Hied  unalterable  (]U!uiiily. 

The  principle  of  the  conscrvaiioii  of  cneqjy  also  denies  ilie  po^Vdiiliiy 
of  "perpetual  motion,"  By  " perpetual  motion"  is  meant  ilie  dcvisins 
of  tome  arranKemenl  so  that  cneryy  in  the  form  of  mechanical  work 
could  be  produtcd  without  energy  in  some  other  form  Ijcinj;  used  up  by 
ihe  inachine.  1'hus  if  an  rn).'iiic  could  be  made  to  do  work  on  coicrnal 
bodien  for  an  indelinitc  linic,  and  ihu«  give  out  ener^',  without  l>eiii); 
supplied  with  energy  from  withoui,  or  iliuiiniihing  ihc  slock  of  cneiKy 
ill  all  iis  various  forms  which  it  originally  poitvssed.  we  »liouId  have 
a  nicnns  of  creating  eneigy,  and  this  is  in  dirca  conirudictibn  to  the 
principle  of  the  conservation  ofcncrjjy. 

84.  AvailnbUity  of  Eneifry. —Although  ihctoiat  quantity  of  cnenty 
in  (he  iinivcrse  lumalii*  »  consiiini  (jiwntity,  mi  ihai  whenevei  a  given 
amouni  of  energy  in  any  one  form  disappears  an  exacil>'  equal  i[uuntiiy 
of  enetjjy  i"  'time  oihci  form  make*  lis  appearnncf,  yei  ihere  is,  a*  far 
as  man  is  coiicemed,  a  very  imporiant  dilTcrcnce  between  the  states  of 
energy.  *niiis,  to  rc<  iir  to  ihe  itlusitviioii  k&  the  stone  on  ihc  edge  of  a 
clifE  Ily  a  suitable  nicchnnicul  xmungemeni  we  can  utilise  «ome  portion 
al  any  rate  of  the  potculial  eneTgy  of  the  iloiu-.  nnd  make  ihc  stone  do 
irork.  Koi  ev>mj>le,  by  allaching  a  siring  lo  the  stone  we  can  make  il 
keep  a  cloirk  k^'^R.  'm<l  iitrikc  the  hours  on  a  bell.  Again,  we  can  let  the 
slonc  fall,  and  utilise  ihc  kinetic  cnerg)' it  ponexics  hyroakinK  ii  do  work, 
uy  in  driving  in  a  pile.  Suppose,  however,  it  i*  nmply  allowed  to  fall  on 
tbo  ground.    Aa  n  ruult  of  th«  iinpAct  with  the  graiwd  iu  kinetic  «D«rg}- 
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[  dcilrnyHl,  ami  ihi^  <(nne  and  the  earth  become  wnrmrr,  and  il  is  (hU 

which  rcpicicnti  ibn  hist  kin<rii<:  encr^-  ;  but  in  a  very  shon  time 

beat  t4  the  sinnc,  Sec,  will  luve  diffused  ilfclf  amon^^t  suirountlin); 

M.      Eneiyy  in  Ibis  fonn,  ihat  is,  of  iniifunnly  diffased  h«it.  is 

[vailabte  til  mail  ka  llie  purpoic  ofdoiiig'  work  ;  it  n  only  when  ■««« 

>ve  a  b)Mly  which  is  hotter  than  uirniundins  i^irfecti  that  uc  can  uiilbe 

I  heal  ener^  to  do  wotlc.    Thai  a*  Tar  as  we  arc  concerned  ihc  cncffty  of 

the  none  hai  been  waited,  for  it  is  no  longer  avaiUhIr  for  dniiig  wiirk- 

Wc  shall  find  thai  in  every  imnifijrmaiion  of  eiirrg>'  there  is  ioiiie  of 
the  ei»cf|;y  converted  into  heat,  which  becomes  dilTused  throughout  iho 
univcrtc,  and  is  wasted.     'Ilius,  in  the  rase  of  the  nii:ied  ttone  being 
iBited  to  drive  a  cl«icfc,  llie  fritiion  at  all  ihc  bcarini-i  causes  sonic  of 
:  cnerm'  t"  be  converted  into  heal.     Heat  also  is  pmdiifwl  e.irh  lime 
the  es4^pe-whecl  strikes  ibe  pallet  of  the  detent,  as  well  a«  the  sound 
■  hich    "e   call   the   lick,  and    "hifh    we   shall    see    is   simply   due   to 
moiioa  of  the  particles  of  ihc  ait,  and  this  motion  is  ^-ladually  frittered 
Vf  iiito  heal  by  friction  between   iIk  panicles  and  other  catises. 
lencc  in  ihb  wise  all  tlie  energy  of  the  raised  stone  «\^nlually  becomes 
oged  into  dilTiised  beat,  alihouKh  in  ibc  meantitnc  it  jiocs  through 
many  trunsfomuEtkms.    Since  in  every  tnnsfonnation  of  energy  from  one 
lana  lo  anoiber  some  of  lb«:  enerxy  become*  convnted  into  uniformly 
diAued  heal,  tiM  toial  quantity  of  ai'aiiailt  energy  of  iIk  universe  is 
OMUinaally  diminish  nig. 

This  riinimual  degradation  of  energy,  which   accompanies  ti^ry 

phenometiuo  with  which  we  are  at-jnainted,  leads  us  lo  iwo  r(>nclusii>ni : 

Fintdy,  since  the  iiuanlity  of  unavailable  cncciiy  is  continually  inrreasiiij(, 

Ikcfc  rouu  bavc  been  a  time  when  none  ot  the  energy  of  the  univene 

«M  uitaTsilable,  jind  before  which   no  phennnienon,  such  as  ««  are 

a(t{uainied  withi  Oka  have  ocmiTe<l,  (cit  c^-ery  such  phcnomcnoo  neccs- 

^^ardy  involves  a  degradation  of  energy.    Secondly,  there  must  necessarily 

^Km'vc  a  time  *l»en  all  the  cnerg)-  irill  be  unavailable,  the  w-h<de  tinivcne 

^BnrinK  becotnc  a  aotfuimly  bo4,  inen  mass 

^B      86.  Enet^grf  of  BotaUO{i.~lf  a  panicle  of  mass  m  it  moving  in  a 

^^ntcle  of  ladios  r,  with  angular  velocily  «,  then  the  speed  of  the  panicle 

is  mr;  hclKc  ibe  kinciic  energy  is  imaiM.      Wc  may  suppose  that  a 

Ttrtaunc  rigid  body  is  made  up  of  a  ninnber  of  panitles  of  mass  nr,,  ■«,,  m^ 

ftc,  U  diaiancci  r,.  r^  r„  &c.,  from  the  avi^  of  rotation.     If  ■  is  ilie 

amiilar  velocity  <rf  tbe  body,  then  the  speeds  of  the  panides  are  wr„  mr^ 

mr^  ht.,  lince  ■  is  the  same  for  idl.      flence  Ihc  kinetic  enerjcy  {B)  of 

hndy,  being  tbe  nura  of  the  energies  t£  afl  the  panicle*,  a 

■  etjuaiion  - 

e~^,^,**im^*r,*+\my,^'*.  Sec. 
r  m  is  eommiMi  to  all — 
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The  quantity  within  the  brackets,  which  is  the  sum  of[the  product  of  the 
mass  of  each  particle  of  the  body  into  the  square  of  iis^distance  from  the 
axis  of  rotation,  is  called  the  Moment  of  Inertia  of  the  body.J  Hence,  if 
A'is  the  moment  of  inertia,  we  have 

The  value  of  the  moment  of  inertia  for  some  of  the  simpler  forms  is  given 
in  the  following  table,  in  which  M  is  in  each  case  the  mass  of  the  rotating 
iKHly  ; — 

Moments  of  Inertia. 


Figure. 


Solid  cylinder    . 

Solid  cylinder  . 
Hollow  cylinder 
.Sphere      .    .    . 

Rectangular  bar 


Pcsilion  of  Axis 

about  wliicb  Rotaiion 

talces  place. 


(Perpendicular  to 
axis  of  cylin- 
der, and  pass- 
ing' •through  its 
mid  point 

(  Coincident      with  ( 
\      axis  of  cylinder  J 

S  Coincidenl      wiih  '( 
I      axis  of  cylinder  ] 

I  Passing     through  'i 
\     centre  j 

1  Through       centre  ) 
of  two  opposite  I* 
I      faces 


of  Inertia. 


r 
5 


M?SL 


M 


,,^+i-' 


/-length 

»-=  radius 


r= radius 

/?"  externa!  radius 

r=  internal  radius 

r^^  radius 

fir  and  d  are  ad- 
jacent    edges 

-.  of  ihe  faces 
through  which 

I     iheaxis  passes 


V 


It  will  be  noticed  that  in  every  case  the  moment  of  inertia  is  equal  to 
the  product  of  the  total  mass  of  (he  body  into  an  expression  involving  ihc 
geometrical  form  of  the  body.  This  suggests  another  way  of  i>bi;uning 
an  expression  for  the  energy  of  a  rotating  body.  If  the  ivlmle  mass  .1/ 
of  the  body  were  concentrated  at  a  single  point  which  moved  in  a  circle 
of  radius  /i'  with  the  same  angular  vdccity  as  the  body,  then  the  energy 
due  to  the  rotaiion  would  be  i.l/u^A'-.  If  A'  is  so  chosen  that  the  energy 
is  the  same  as  h  .ictu.illy  Ihe  case,  then 

A-=M/:-. 

The  value  of  /\\  whiili  satisfies  this  equation,  is  called  the  iiiiiiiis  of 
i^Y'irlioii  of  the  body.  Honce  the  radius  of  gyr.itum  may  be  licfincd  as 
the  <Iislanc<:  from  the  axis  of  rotaiion,  at  which  the  nliok  m;iss  of  thu 


IM) 


impact 


«     y 


body  wscA  be  »xffoatA  concenintcd. in  cvder  tbal  ibeetieTCT  of  ratatian 
nnf  be  the  tame  a*  U  U  actually.  The  nhx  of  tbe  tqnare  of  the  ciAut 
«f  inmtUm  Tor  cacIi  cue  i;iven^in  the  table  of  mofncnu  of  inertia  if 
alttined  by  otninitm  the  iacior  M  m  tlie  cipnaMOU  far  the  motncnt  of 


E8*.  Iropaet  of  Inelastic  Bodies.— Suppo^  a  body  of  masi  ■«„ 
HBtrnafi,  with  ;i  sjiMrU  i,.  Miii.?  .irKilhrr  ta.>ty  u(  nuu  m,  wli,ch  n  at  tvA, 
and  tbe  t*i>  bodies  adhere  to^-elbcr  .ifter  impact.  If  v  is  the  ipecd 
ireh  which  the  two  l)odie»  inm'e  after  impati,  then  Ibeir  t»o(i>«ntuiii  b 
i^KT,  *■  m^v.  lleS>re  tmpai:!  the  mamentum  of  tbc  fir«  body  i«  m^^  r^  and 
that  of  the  second  xcra.  Ilcnrc  since  tbc  uHal  mamemum  of  thJe  two 
bodies  ttuiat  be  ibe  same  bcferc  luid  after  impact,  we  hairc 

f ?t-»v 

U  ihr  Mcvond  )mdy  in  ittHf  moving  wilh  speed  i-,  in  the  sanic  Mrai|i:hi 
Inc  as  tbc  firti,  tbc  nutnirniiini  Ijefbre  impact  li  m^v^*  m^f     Hence 

<j«,+ «.)  t  ■ = «r,r, -i- »»,tv 

TtltF  bcxlics  anr  atigioalfy  OMMring  in  tbc  xaroc  direction,  Ibcn  C'|  and  i>, 
anuf  ihc  lamc  (i){R,aad  thercAnvllic  motion  after inipaci  it  in  the  name 
AivctMin  a*  liefon.-  impaci.  If,  hmrn-cr,  the  hodict  are  oTi],:inalt)'  mining 
tDOFiKn^iic  uittxiiuiit,  u>  thai  '.\  and  r,  are  of  opposite  m^jii,  r  will  he  of 
■be  ^tnic  '■i^n  a<<  tbc  i;Teaiei  nfthc  iwo  ptoilocti  Mir^  "I'V  Hcni-'e  the 
4i»m--lWw  of  tnutkm  after  impact  nill  Ik  t)ut  af  tbc  motion  of  the  body 
hwriaC  Use  greater  momtntum, 

la  ihe  cnae  where  one  nf  tbc  bodiet  ii  onginiilly  at  rot,  tbe  kinetic 
eocr^  f)  before  impact  is  given  by 

^t-J^'i'i'. 
awl  tbe  kinetic  energy  ^i  ^fi't  impact  by 

babstitutittg  in  thi»  taxt  npmsian  ibe  value  of  i-,  we  have 


a.-4K*«^(^_^lJv 


=  iiii»,V','~(*», +■»,>. 


enerKy  "f  the  Iwo  bodic*  ii  iherefbre  ten  after  hnpari  than 
reauoii  for  thii  ii  th.it  Kime  uf  the  kiiwtic  eiKr);y  liat  Ixcn 
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Imnifunneit  into  heai  coerEy  hj  the  imiiact.     In  ibe  tame  mtjr,  in  (lie 

Lease  yihtn  x\v.  two  budics  are  iitiicinally  in  inatian,  tlie  tutii  of  tlic  kinetic 

lcnersi«  of  ihc  bodies  hcfarr.  impna  \%  Ktc-alcT  ihan  the  kinniic  c;nc[){)'  <if 

ihe  combined  bodies  afiirr  impaci,  tome  of  ihc  kinetic  cnciuy  hai  ing  Seen 

convrrcd  into  tii-Ai  cneiy)'. 

87*.  Impact  of  Elastic  Bodies.— In  ttie  case  of  cUaiic  bodies,  sficr 
impact  (hey  will  scp.irule,  in  ^enrral  iiioviii)'  willi  diffeccnt  velocities,  llie 
lilotal  inoinentuni  btfore  inipiict  beinj-.  as  in  tUt  om;  where  the  bodies  are 
iBeUaiic,  equal  to  ihc  toia]  momcnium  nfiiT  impact. 

Newion  proved  liy  experiment  ilint  if  two  spheres  of  ihc  same  mn- 
terial  collide,  w>  thai  their  centres  are  moving  along  the  snmc  simijiht 
line,  ihcn  their  relulive  speed  before  impact  beats  a  coniianl  ratio  to 
their  relative  speed  nfier  impuct,  If  Wi  and  «,  arc  Ihe  velocilics  before 
impact,  and  c,  and  ;■,  the  velocities  after  impact,  then  ilie  relative  velocity 
of  the  sphere*  before  impact  is  «r|-w„  and  ihal  after  impact  t'l-j-^. 

Newton's  icsutts  shoiv  thai  ihc  ratio -'-^  '  is  a  quantity  independent  of 

the  mass  of  the  spheres,  at  any  rate  within  fairly  wide  limits,  or  tlie 
velocity  with  which  they  ate  niovinj; ;  il  simply  <lepen<ls  on  the  material 
of  which  they  art  composeiL  This  ratio  is  always  a  ncgalive  quaniity, 
never  greater,  and  in  mosl  cases  Ics^,  than  unity.  Tliis  means  that  ihe 
relative  vclotiiy  after  impact  15  in  most  easts  itss,  and  cannot  be  gieaier, 
than  the  lelativc  velocity  before  impact ;  also  ihai  if  n,  is  Kreaicr  ihan  //j, 
ihcn  Vj  is  less  Ihan  ly  so  thai  *■,  -  r,  is  of  opposite  si^n  to  a,  -  u,. 

TIcnce  «,  lieinf;  j;rcaier  lh:in  u.^  means  that  the  body  niovinj;  with 
velocity  n^  "sirikcs"  the  oihtr,  but  thai  this  latter  after  ihe  impact  will 
now  movt  with  the  greater  velocity. 

The  constant  fmciion  -' — -\  which  depends  simply  on  the  maierial 

of  which  the  spheres  arc  composed,  is  called  the  Coepiimt  c/  Kesliltilion 
of  the  material.     If  the  coefficient  of  rcslilution  is  unily,  then  llie  relative 
velocity  of  the  bodies  is  unchaiiyed  by  ihe  impact,  and  ihc  material  of 
which  tlicy  are  composed  is  said  to  1>c  perfectly  clasiic. 
If  the  coefficient  of  test  itu  lion  is*,  then 

-fir*.'"-. 

Also,  tinc«  the  momentum  before  and  aflcr  impart  is  the  same, 
Solving  these  two  equations  for  7\  and  t%  we  gel 


■HO  W." -■ — ■* _  —     -    -*       ■  -^- 


OhUqtte  Impact 
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It  win  be  iMMlced  thai  if  r^o,  i,t.  if  the  halls  are  iocLuiic  and  ndbRre 
togelbcT  aflcr  inipacu  we  )uv« 

ihn  same  vitltic  us  thai  otnainml  in  the  ptevious  section. 

In  th«ease  of  the  direct  import  nf  a  sphere  on  it  lived  sut&ce,  we  may 
obtain  lite  ^ttociiy  uf  lebound  by  niikinj^  h^  zero  anil  OTj  Inlinitc  in  the 
above  exprc^onk     Dividing  nmnerator  and  deiiominalor  by  tti^  ve  |;ct 


n= 


_«'(!!!II-0*^^(^. 


♦1 


When  iw,  is  infinite^  m^m,  is  *ero.     Hence,  if  «,  i*  mto^ 

i>,  =  -«,/. 

UtenfftTe  ibe  velocity  of  rebound  is  in  the  oppMtte  direction,  and  equal 
to  e  times  the  velociiy  before  impact.  Since  t  i»  !cs«  than  unity,  the 
tpeed  after  impaci  is  les*  than  before.  This  mult  miRht  h.ni-e  been 
armed  at  directly  from  N'cwton's  cxpen'raenial  rcsuli,  for  the  relative 
velociiy  of  ilie  sphere  and  the  plane  before  impact  was  w„  and  after 
it  is  V, ;  bence 

ll  wiB  be  found,  on  calcnlalinj;  ihe  value  of  the  kineiic  encrgry  bcfors 
and  after  impact,  thai,  except  in  ihe  rase  where'— I,  the  total  kinetic 
eaer^  after  impact  if  l««  than  before,  some  having  been  iraitiforiiitd 
iatn  heat  When  ^— I.  tbe  total  kinetic  energy  before  and  after  impoei 
t«  tbr  same. 

88*.  ObU<|ue  Impact.— Hitherto  we  h-nve  only  coniidcicd  the  cate 
vbere  ibe  two  cplnrcs  before  impact,  werv  iravelling,  either  in  the  ume 
nr  in  nfipcwite  directions, along  the  same  straight  line.  When  the  impact 
u  obliiiue,  we  tvKitve  the  velocity  of  each  »phete  along  and  pcrpendinilar 
ui  ibe  line  joining'  the  centres  of  the  ^phcret  at  tbe  instant  of  contact. 
!f  tbe  tpbem  be  tmooih,  then  there  will  lie  no  force  exerted  at  right 
Mtglca  to  the  line  joining  the  rentier  and  hence  the  cwnponents  of  the 
(dodlie*  alan])>  this  line  will  W  unaltered  by  the  impaci.  1*he  cnni- 
p«WWf  olonx  tbe  line  jotninf  ihc  centres  will  obey  the  Inwi  friven  fur 
drred  latpacl  in  tlie  Ian  leclion.  and  lience  the  components  in  this  direr, 
ti^  aAcr  impact  can  be  abtaintKl.  By  compoutidinj;  thcw  compitnentt 
•ah  those  which  remained  unalteivd,  tbe  velocity  of  the  »phere<  after 
mam^  can  be  obtained. 
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In  the  case  of  a  sphere,  such  as  a  billiard-ball,  striking  the  cushion  AB 
(Fig.  58)  with  a  speed  u,  and  at  an  angle  * 
to  the  noimal  to  the  cushion,  the  component 
of  the  velocity  parallel  to  ihe  cushion  is 
u  sin  6,  and  that  perpendicular  to  the  cushion 
is  u  cos  6,  The  first  of  these  components 
remains  unallered,  and  (he  other  becomes 
-ai  cos  &  (%  87),  where  e  is  the  coefficient 
of  rcslitution.     Hence  we  liavc  to  compound 

a  velocity  of  w  sin  6  parallel  to  Ba  (Fig.  5S) 

— * 
with  a  velocity  of  eii  cos  Q   parallel    to  CN. 
If   thft   resultant   velocity   is   ;/,   and   makes 
an  angle  ^  with  the  normal  CH,  we  have, 
since  the  components  are  at  right  angles — 


Fio,  jB. 


Also 


u  sin  S 
eucosB 


•  «*  sin'  6 + ^W  cos'  8. 
o^^tan^ 

m 


rtan^=tanA 


Hence  the  ball  rebounds  so  as  to  travel  more  nearly  parallel  to  the 
cushion  than  before  impact,  for  e  is  less  than  unity. 

If«=i,  then  v^u,  tani/)-ian  tf,  and  therefore  ^=*,  so  that  the  ball 
would  rebound  with  the  same  speed,  and  with  its  direction  of  motion 
inclined  to  the  cushion  at  the  same  angle  as  before,  but  on  the  opposite 
side  of  the  normal. 
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MACHINES 

8d.  Simple  Hachines.-f  A  contrivance  b>'  m«an«  of  whirli  a  forr« 
applird  at  one  point  gWv*  riM  lo  u  fmce,  often  diflVimi  in  max'niiU'le 
aiMl  direction  to  the  intprcMcd  force,  M  *ome  other  point  is  called  a 
nucliine.  )  A  sleam-cngine,  n  hydmtilic  prcu,  or  a  I csimt;- machine,  are 
an  cxain|)K>  of  mariiincs  ;  they,  IiovrevcT,  convi't  of  a  number  of  sepiimte 
partSi  each  of  wbich  satisfies  the  dclinition  of  a  nucliino  i;iveii  above, 
and  whicb  tnay  be  classified  under  various  lie;i<lK  Each  of  these  scpa- 
taic  part*  B  u^cd  a  simple  lua^hine. 

In  Mudyiog  lltese simple  inat:hiiies,««  tholl  suppow  that  the  machina 
a  in  ctjuilibriutn,  so  that  the  force  impressed  At  one  point  is  just  batiuiccd 
by  tbc  faiTce  imptcucd  al  «imc  other  point.  One  of  ihcsc  forces,  which 
b  tRiprcssed  on  the  nu<:hii)e  h)-  some  oili«r  body,  is  generall)*  ailled  the 
Powtr,  while  lite  other  n  called  the  U'fi'gi/.  It  inuii  lie  carefully  borne 
la  muld  tint  the  lerm  "power"  in  ihU  reUiion  hai  no  connection  with 
itie  lame  word  umhI  in  §  73  to  denote  the  rate  of  doing  work,  nor  docs 
lite  term  "  wcixht'*  nece««arily  mean  that  the  machine  is  used  to  ra'tw 
or  support  x  muss  anainsi  the  aiimciion  of^avity. 

In  ^ding  the  conditions  which  have  to  he  fulnlled,  in  order  that  tha 
sfanple  macliifles  may  be  in  e<i\iilibiiiim,  we  suppose  thai  ihcy  work  with< 
cut  frktion.  Under  these  circumstances,  if  we  su|>p(ise  the  mnchine  to 
receive  a  unall  dispUcement  of  lucli  a  nulutc  llial  the  connection  between 
in  parts  is  not  in  any  way  diituibed,  the  work  done  by  the  "power" 
RUst,  accordinic  to  the  principle  of  the  conservation  nf  cnerxy>  be  c<}ual 
■o  the  work  done  on  the  "weiKhl-"  lienor,  if  P  and  II'  are  the  m-o 
ftvces  which  balance  one  anolhcr  on  a  machine,  and  when  the  machine 
Revives  a  uuall  dispta<-cmenl,  if  the  displacement  of  the  piMDt  of  applica- 
bno  of/'  pamtlcl  to  its  line  of  action  be  /.  and  tlut  of  H'  parallel  lo  lit 
line  of  action  be  «',  then  the  work  done  by  P  is  Pfi,  aiMl  the  work  done 
an  Ifb  Wv.     Hence 

Pfi-tVw, 

From  this  we  Mt  thai  the  displati^menis  are  im-'trselr  as  the  forces, 
(A  ihal  if  a  unall  "  powtr  "  is  lo  eierl  a  larije  "  weight,'  the  <!«pJacenimI 
<•'  (Fw  "(Hiwer'  most  be  large  compared  to  tlic  displacement  of  ilic 
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"weight."  Thb  i*  often  piprwscd  by  uyinj;  ihst  "what  i»  ualni-il  in 
pcivrpr  is  lost  in  ipewL' 

90.  The  Levor.-YA  l«vcr  is  a  rigid  bar,  eiiher  sirai^i  or  cun'w!, 
which  \%  caintble  of  a  motion  or  ratatiun  about  a  fixed  point.  cjiUed  the 
fulcnimA 

Since'  the  lei-er,  when  in  c<|uilil>tium,  is  under  the  actiun  of  thrti-- 
forces— ihc  "power,"  Iho  "weight,"  and  ihc  reariion  of  the  fulcrum,  it 
fnllowt  (3  75)  thai  the  lind  of  nciicin  of  al!  ihcte  forrc*  must  lie  in  one 
plane,  and  cither  he  pnmlkl  or  meet  at  a  point. 

The  most  direct  way  of  obtainltiK  ihc  relation  bcl«e<'n  the  ''power" 
,ind  "wciifhl"  in  the  le»*cr  is  to  take  mmncni*  round  the  fulcrum.  If  the 
lever  ii  to  be  in  cqiiililiriiirii,  these  nioments  must  he  equal  and  oppO!iile. 
I[en<>e  if  d  is  the  pci]>cndiculnr  di^ancR  between  the  fulcrum  and  the 
line  of  nrtion  of  the  "power,"  and  h  that  between  the  fulcrum  and  the 
line  of  action  and  the  "  weight,"  wc  hate 

Pa<=  H'i, 

In  ihc  case  when  the  lines  of  action  of  the  forces  arc  at  right  angles 
to  the  lines  joininB  the  points  of  applic.iilon  to  the  fulcrum,  u  and  i  reprc- 
srnt  llie  dinLances  of  the  points  of  applications  of  the  forces  from  the 
fukriini,  and  are  called  ihe  arms  of  the  lever. 

It  is  iiiii.ll  to  divide  levers  into  ilirce  classes,  .iccording  to  the  relative 
positions  of  the  points  of  upplicaticm  of  the  forces  and  the  fulcrum.  In 
Cla»»  I.,  (a).  Fig.  59,  the  fulcrum  V  lici  bciwcen  the  pninis  of  application, 
A  and  11.  of  the  forcc«.  In  this  case  the  "power"  may,as  in  the  crowkir, 
be  applied  at  tlie  end  of  a  longer  arm,  and  so  be  used  10  exert  -in 
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increaaed  ftu-re ;  or  It  may.  n«  in  the  crtUpulu  used  hjr  tlie  nncjenis  f.,r 
throwing  heavy  •tonnt,  act  ni  iIib  rn<|  of  iho  »honer  arm,  so  Hut  the 
ditiance  ihmuKh  which  the  point  of  applimiion  of  il.e  "  wei((hi "  moves 
tsKreaicr  ihan  thai  ihroiiNh  which  thai  nf  ihd  ■■p.mi.r"  mnvet,  nthcr 
ewrnpl**  of  levers  of  l)il<  ■  In.*  me  llin  Want  of  i>  luliincr,  ,1  pnjr  of 
Kitson,  and  a  inmip  haiidlfi 

In  a  kvrr  «f  lh«  teciiul .  Ian,  (*1,  Vl*,  (»,  ih..  |Htl«l  i.f  Hppl,e«,i,.„  ^ 


Th<  Whtti  and  AxU 


of  ilic  "  wEi)[hl '  lira  between  tlie  point  of  .ipplicatifm  n  nf  ih*  "  pontr" 
and  ibc  fukttim  v.  i^In  ihU  clnu  the  "power"  \\  aln-ayt  Icsk  iKnn  the 
"  wcight."\  ExAinpIc»  pf  Ic\ct*  of  ihc  swonci  cUm  arc  nut-cnwlteis,  nnd 
an  nar.  In  thi*  laiicr  caK  (be  ftilciuiii  i^  th«  blftde  of  the  oar,  which 
remains  approximaiety  at  tvsi  in  ihc  water,  and  l)i«  pretituire  on  the  row- 
l»:li  i*  ihc  "  wcijjhL* 

In  ilie  tliitd  ciuKt  of  levers,  {I'X  Fig.  591  th«  "power"  b  applied  at  a 
point  betviccn  the  fulrium  and  the  point  of  appUcation  of  the"  weight," 
«(>  thai  the  "power"  niuti  always  be  jicrcaicr  tlian  the  "weight."  An 
example  of  a.  letxr  of  this  cUs^  i»  an  ordinat)'  P>''  ol*  io»t!^  The  fore- 
arm  is  anoilter  exainpUr,  (he  fulcrum  being  ai  the  clbow-Joini,  and  the 
pnavr  applied  a  few  indies  along  the  for«-«n»,  where  ibc  bicepi  tnusde 
ii  tiisertcj  in  the  ladiuv 

In  every  case  the  reaction  of  the  Itilcrum  will  be  equal  to  the  restiltant 
of  the  "power"  and  lh«  "wcJt;hi,*  and  may  be  obtained  by  il>e  method* 
already  j[ivrn  (i>T  compounding  two  force*,  whether  meeting  at  a  point  or 
parallel,  as  the  case  may  lie  (^$  66  and  69). 

91.  The  Wheel  and  Axle.— This  niiK'hine  cmiMsit  of  two  dnuui  or 
witrch  of  ditfcicm  di,iiti<rten  lixed  10  the  santc  aAlc.  A  lope  coiled 
round  the  drum  of  smaller  diameter  cariie*  the 
*■  weijjlii,"  while  another  nipc  coiled  round  tlie 
Olher  dnim,  bw  in  an  oppotilc  direction,  tarrie* 
Ihc  "power*  Iii*illbckrcnfroin  Fig.  60  that  the 
arrangement  i^  virtually  a  lever  uith  llie  fulcnmi 
ai  ibe  au!>  B,  about  wlikit  the  drums  can  turn. 
Hcnc«  /"x  iic—  H'x  At!. 

This  rclalicn  nuy  a)M  eauly  be  fluund  from 
the  priivcipleof  trork;  (or  »U]>puM]  the  twodrtims 
to  liiin  tlirougb  an  angle  8,  sa  thai  ibe  pimi  C 
cofncs  to  c'  and  a  to  ,\'.  Then  U>c  length  of  rope 
coiled  up  on  the  imalln  dram  (the  axir)  i>i  Ciqual 
lu  the  arc  aV,  and  tlii»  repK-Mntt  the  distance  ibrouyh  which  Ibc  point 
of  application  of  It' has  been  muvod.  Hence  ib«  wottc  done  on  (fix 
W  K  aa'.  Btii  the  arc  aa' it  o<}iul  lo  ah.^,  witcrc  0 \\  tlw  cimilar  meat^ure 
of  ibe  angle  throa)ch  which  ihc  machine  has  ium«d.  Tbrrefnie  tlK  work 
done  oa  H'is  (KAR.A     In  the  ume  nay  the  work  doiM  \<ff  f  \^  P.^.^. 

Hence  ,  ._, 

w.Aii.&'^p.nUs 


Fl<i.  6* 


or 


W.AP-F.BC 


The  priadple  of  the  whcrl  and  axle  i*  lurd  in  ihe  capnan  and  in  the 
windlau.     In  thew  anan^cnicnts  the  "power,"  instead  of  being  applied 
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to  (he  wli«cl   by  means  of  a   n>pe  H'ound  rouiHl  ibc  cirrumfercncc,  is 

applied  to  the  tnd  of  one  or  wore  rods  «likb  %inually  lorm  »poLos  or  the 

y  liecl,  the  (liicciioD  <rf  the  line  uf  action  <rf  the  "power"  being  cooiiiiualty 

witertst,  as  the  nMcIune  turns  round,  so  as  to  be  always  at  rixbt  angles  to 

V^    tbe  upokc.     If  "dve  "a«ij;tit'  and  "power"  bear  to  one  another  exactly 

the  mki  i^vcn  Abo^T,  the  machine  wilt  be  ia  cquitiliriuin  \  MP  exceeds 

lhi<  talue  titcic  vill  be  roiatkNi,  and  ri^will  be  drawn  up. 

^  92.  The  Pull*]'.— A  pulkjr  conwMs  of  a  dtu  or  »bcd,  called  the 

''       aheaf;  uiouiiied  on  an  axle  vhich  i»  lixed  to  a  bameu-oilc  colled  a  block. 

Tbe  edge  of  llie  diic  a  usually  grooved  so  that  a 

cord  can  Ik  round  it.    If  the  block  it  fixed,  then 

the  direction  of  a  furre,  but  not  it*  masniiude, 

may  be  cb.inRcd  by  mcins  of  a  pulley.     If  a  icn- 

tinn  !■  he  applied  to  one  end  of  a  siting  which 

p>is^«^  over  &uch   a   pulley,  llien,  since  !f  we 

Mtglcci  the  friction  oj  (he  pulley  and  the  siiff- 

n«ii  of  tlie  string  the  Icnuon  is  the  same 

Iltrout;haut  the  strinj;,  in  order  to  ki^cp  the 

pulley  in  c<|uilib«ium  the  mher  end    of  *thc 

p,^  g,_  string  iniwt  l>c  pulled  wiili  a  force  P.    Tliis 

is  at  ooc«  cvidcm,  for  if  .V  and  c  (Fii;.  61) 

are  the  points  where  the  suing  leaves  the  pulley,  and  11  is  the  centre  of 

the  »hc4f,  then  taking  moments  about  % 

But  AB^WC.    Hence  Pm  \V. 


If  the  block  rrf  the  pulley,  instead  of  being 
fixed,  ix  ati.trhcd  to  the  (■■eight,  while  one  end 
(Fig.  f>i)  of  the  string  n  attached  lu  a  fixed  sup- 

'  port,  while  the  "j>ower' actsat  the  other  end,  /' 
may  be  Icib  than  If.  If,  as  ii  usually  the  rase, 
the  two  portions  of  the  string  <j,v  and  CP  are 
parallel, and  the  pulley  moves  through  a  distance 
'i  from  the  position  AIIC  to  (he  ]>nsilion  A'li'c', 

.  then  the  end  of  ibe  string  where  P  is  attached 
will  move  up  through  a  distance  ■2A,  for  the: 
portion  ijA  of  the  siting  has  been  shortened  by  a 
length  A,  and  the  point  c  has  also  risen  through 
a  height  h.  Thci-cfore,  while  (I'has  been  raised 
through  a  height  A,  P  niuil  have  inoird  through 
that,  equating  the  work  done  in  ihc  two  cases, 

Mty^ZhP 

IV~2P. 


Pia  6a. 
a  distance  2A,  so 
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Tn  (hif  cxpfvsiion,  »ince  tbc  pulky  iiwlf  hui  lo  be  raii«<t,  u-e  miiM 
include  its  O'vixl)!  in  M'.    Oihcrwisc,  if  IV  u  the  weight  of  ihc  pulley 
if^  b  the  wcigtil  supported,  we  hav-e 

There  arc  Kveial  arranf-cincnls  !ii  which  mute  than  one  pulley  ix 

tucti,  bul  we  iJiaU  only  dcitnlie  one  of  these,  which  i»  the  only  one  ihai 

i«  lucd  in  pnctkc.     li  coniiiti  of  tuo 

block*,  each   fitted  with  3ei-cr4l  tlieafv, 

vhtch  asiully  all  turn  un  the  kuiic  a:vle. 

Odc  of  the  Idncki  is  ati.ichcd  In  a  iiicd 
I  poial,  while  the  other  is  attn^ hed  in  the 

"  weight."     One  end  of  the  siring  is 

attached  10  one  of  the  blocks,  it  then 

pas*ea  round  one  of  the  sheiifs  of  the 

oilier  block,  then  over  one  in  the  lirsi 

block,  and  so  on  till  it  hjs  pussed  over 

all  tlie  shcaff.     If  tbc  string  passes  n 
\jliatm  6wn  one  block  10  ihc  trthcr,  then 
I  tliall  have 

W-nP, 

khcre  It'  incladta  the  weight  of  the 
Isiovable  block. 

li  will  be  *«n  in  Fi|{.  6j.  where  ihorc 

are  three  sheavn  in  iliu  movable  block 

.and  the  uni^  pavie^  i\x  limei  from  one 

■block  to  Ihc  oiber,  that  if  ihe  movable 

block,  and   tliercfore  jiImi  ff ',  it  raised 

llinii)|;h  a  height  A.  then  ihe  ftvc  end  of 

Ltbc  ttTuiic  will  hat-e  lo  move  ihruiigh  a  divtancc  M.     Hence  the  work 

I  on  IKi»  iJff,  and  that  done  by  P  is  dkP.    Tlierefore 


or 


hW^'fJtP 
H'-bP. 


03.  The  Inclined  Plane.— Suppose  a  body  r,  (Figs.  64  and  65)  «»« 
on  an  incline<l  plane  Ah,  and  iliai  there  is  Dofiiciion  between  the  body  and 
tbc  surface  of  the  plane,  or  at  any  rate  ihM  by  suitable  nveans  friction  la 
M)  much  reduced  as  to  bo  negligible  in  ctxnpa/ison  wiili  ilie  other  forces 
in  play.  The  weight  of  the  body  IV a/:ii  lenicalty  dovnwaidti,  and  the 
nactioo  of  the  pUne  acts  perpendicular  to  the  surface  ab,  m)  that  if  Ihe 
body  is  to  be  pircvrnied  from  sltdinK  down  the  plane  umler  the  inltiience 

[  of  the  rcsoltanl  of  these  two  forces,  it  mimbcacte<l  upon  b>- a  third  fores. 

.The  (WO  priacifMil  cases  which  occur  ai«  when  litis  force  act*  alooK  1 
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direction  parallel  dlbcr  lo  (be  hypoicnuse  ah  (Fie.  64)  or  llic  b.*u<  ac 
(Kig.  6}>.  In  both  cases  iho  niost  cMivcnicnt  mcihod  «(  oblainitiK  the 
TcUiion  bclwwi)  the  furw  /*.  whi«h  we  may  call  the  "power,"  and  »', 
for  any  given  plane,  i»  to  u»e  the  principle  of  work. 


Suppose  r.  to  move,  under  ibe  influence  of  />,  from  a  to  n,  Then  the 
work  tlone  by  /'  is  /*.AB,  if /"acts  parallel  to  the  hypoicnusc,  and  P.\C  if 
/>ncti  p.-iiallcl  to  ihcbiife,  foriii  the  one  cue  ihc  point  of  application  has 
piovcj  llirou{;h  a  distance  ah  in  the  tine  of  action  of  the  force,  while  in 
the  other  case  (he  compcineiit  of  the  dijpiaceincnt  in  the  line  of  action  is 
AC,  In  both  cases  the  work  done  on  Wn  ll'x  cn,  since  ihc  componenl  of 
the  movement  ofihe  point  of  application  of  If,  parallel  loits  line  of  action, 
is  ca.  As  in  both  cases  the  point  of  application  of  R  moves  at  riRht 
angles  to  Its  line  of  action,  no  work  is  done  on  or  by  K  during  ihc  dis- 
placement.    Hence  wc  have,  when  1'  acts  parallel  to  Ai^ 

/'.Jff^li'xCO 
P     CB 


When  /'  acts  parallel  to  ac, 

p.ac=w>':cb 
_p_cn 

The  above  relations  may  also  be  easily  fouiiU  \rf  resolving  ICalonj; 
(he  direction  of  the  line  of  action  of /*,  anil  perpendicular  to  ihe  surface 
of  the  plane.  The  fir*l  of  these  componcnls  will  lie  equal  and  oppoiite 
to  P,  and  (he  other  will  Iw  cqii-tl  and  oppisile  to  k.  Tlie  triangle  of 
forces  may  also  be  emploj-ed.  for  if  the  direction  of  k  In-  prodm-cd  back 
to  II  and  n*e  ilrii*  KK  pcrprntlinilar  to  r.n.  ihen  the  tri.iinjlc  i;kf  in  Fig. 
64,  or  the  triangle  r.T.r>  in  Fiiu.  65,  has  its  sides  paraUel  Hi  the  three 
forees !  nnd  hence  iheie  tor<*s  arc  proportional  to  the  ^ides  of  the 
iriaMKle,  and  this  triangle  is,  in  each  case,  similar  to  the  triangle  ahc- 


$91] 


Tkt  Sergio 


Tbe  binber  working  out  of  iltcsc  |wo  cases  mill  form  a  ui«f(il  exercise 
for  ih«  reader. 

94.  The  Screw.— If  a  riglitangled  lrian):I<r  abc  {hig.  66)  cul  out  of 
paper  Ijc  nrapptj  [ound  a  cylinilcr,  so  that  Ok  base  All  of  Ibu  Iriant;le 
lies  entirely  in  a  pbne  ai  rishi  anslei  to  the  axij  of  the  cyllnilcr,  then 
the  bypoicnute  AC  vril!  trace  out  a  ipital  line  nitllsf  on  t!ie  surface  of  the 
c^^liiukr.  If  AM  U  equal  to  llie  circumference  of  the  cylinilcr.  then  die 
dtstance,  measured  pariillcl  to  the  ani*  of  the  cylinder,  bciwcen  the  point 
it^  whkh  corresponds  to  the  apex  A  of  the  triaiiflc,  and  the  point  f,  where 


: 
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a  line  drawn  through  it  panllcl  to  the  axis  meets  (he  spiral  line,  is  equal 
In  EM.  Hence  if  starting  at  a  we  follow  the  spiral  line  for  n  complcic 
lum,  WG  shall  mui'c  alonj;  the  i:yltn<Jer  pamlkl  to  the  axis  ihroiiKh  a 
dtctance  tte  equal  to  WW-  If  we  ^o  twice  round  wc  shall  move  ihmuf{h  a 
dbunce  oM  equal  to  nh,  where  MN  is  equal  to  am.  but  since  ak  is 
double  AU,  NH  muK  he  double  UF-  Hence ^  Is  double  «f,  so  lliat  for 
every  compleie  torn  ihc  spiral  line  advances  parallel  to  the  km  thraufih 
on  equal  difttncfc  If  a  projecting  ridge  were  fixed  to  the  outside  of  the 
cj^lioder  along  llie  ipiral  line  we  should  hacc  a  serew,  the  projection 
fJDTininif  the  tkrtait.  Tlw  distance  between  two  consecutive  thrcaili  ik 
called  atxtpUtk  of  the  icrew.  If  a  hollow  cylinder  bos  a  groove  cut  on 
Its  imide  surface  m  a»  yaw  to  fit 
the  screw,  it  form*  a  nut.  If  the 
not  *r»  turned  through  360",  or  one 
whole  turn,  it  will  ntiyfc  nloni;  the 
•cnw  through  a  diiiUnce  equal  10 
the  inienal  between  t"0  con»etu- 
tive  threads,  or  to  Ibe  pitch  of  the 
screw. 

If.asinsscTcw  pms,  we  hai'n  a 
force  /'acting  at  right  angles  to  tlic 
end  of  a  cross  arm  ( Ki;.  6;)  of  length 
3r  attached  lo  a  »ciew  of  which 
the  pitch  is  k.  so  thai  ikc  diuanre 
of  the  point  of  api>llcaiion  of  P  from 


Fio.  67. 


Ihr  axis  of  tlic  screw  i*  r.  then  during .-»  complete  ttifn  ihe  point  of  npplira- 
lion  ai  P  will  move  through  a  dtMance  etjujl  to  the  rirc;uiii(erence  of  a 
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circle  of  ndiiii  r,  llial  is,  Strr;  and  heiicc.  since  P  is  tiuppovd  ^ttwiiya  ta 
act  at  right  iui>;Ies  lo  Uie  cross  ami.  the  work  done  by  /'  in  iirr/'.  If  W 
b  tlie  force  exened  by  Uie  screw  [Kirallel  to  iii  axis,  then  the  work  itone 
on  tt*(luriiij{  a  complete  turn  is  A  If,  sitice  the  jwint  of  applicniion  of  II' 
will  have  been  driven  buck  thnmgh  n  distance  c^iunl  to  the  pitch  of  the 
screw.     Hence 


ot 


^      A 


For  a  given  value  of /*  wo  see  thai  Ifis  incresscd  by  dccreAsing  the 
piicli  of  the  screw,  i.t.  hy  having  more  threads  to  ilie  inch,  and  hy 
incccasiDg  llic  In  wage  r  at  whitli  V  acts. 

In  deducing  the  above  fumiula  n-e  have  entirely  neglected  the  frlciion 
between  the  screw  and  the  nnl,  which  i»  in  every  case  far  from  negli- 
gible.   Hence  in  practice  P  ha*  to  he  considerably  greater  than     —  W. 

95.  The  Balance.— As  has  been  mentioned  !n  §  90,  ilie  ordinary 
balance  is  essentially  a  le\'cr  of  ilie  first  class,  in  whith  the  arms  are  of 
equal  Icng  111.  In  llic  balance,  the  ■'power"  and  "weight"  consist  of  the 
fores  exerted  by  gravity  on  the  masses  carried  in  llic  pans. 

The  conditions  which  a  good  balance  has  to  fulfil  are  as  follows: 
(i)  The  balance  must  l>c  ttitc.  That  is,  the  beam  must  remain  horiionlal 
whenever  equal  musses  are  placed  in  the  scale-pans,  (j)  The  balance 
must  be  sensitive.  That  is,  a  small  difference  in  the  masses  in  the  two 
pans  must  cause  an  apprcri.ihlc  deviation  of  the  beiim  fnim  its  horizontal 
position.  (3)  Tile  balance  must  be  stable.  That  is,  the  licam,  after  bning 
disturbed  from  its  equiiihriiim  (.■'.<".  horizontal  position),  niust  return  10  it 
again.  (4)  Practically  ii  is  advisable  that  the  period  of  the  balance 
beam,  when  It  is  disturbed  and  osciDates  before  again  coming  to  rest, 
should  be  as  small  as  possible. 

In  .1  good  balance,  the  knife-edges  from  which  the  scale-pans  arc 
suspended  ;ind  the  centra!   knife-edge  are  al!   parallel,  and   lie  in   the 

,  same  plane.     If  this  latter 

condition  is  not  fulfilled, 
the  sensitiveiicsi  of  the 
balance  will  var)'  with  the 
load  in  the  pans.  Forsup- 
posc  ABC  (Fig,  6S)  ii  a 
horiionial  line  throuuli  the 
central  knife-edge,  and  that 
the  end  knifc-etlncs  .ire 
below  this  line  at  i)  and  K 
Then  if  each  pan  uith  its 
IduI  exerts  a  vertical  force  H',  and  the  distances  between  the  end  knife- 
edges  and  the  central  knife-edge  are  equal,  the  beam  will  be  in  cqui- 
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fibriiun.  Iftbc  t>c;«in  isnov  dUptjiocd  intoihcposiiton  A'ec'.it  willbcscm 
that  Itic  arm  ;it  wbkli  \\tt  force  W  at  d'  *c(s  b  Ic^s  ihjui  the  arm 
xi  the  focce  1^*  at  c".  Hence  Ibe  mncnenii  of  thwc  tiro  equal  forces 
AiidUi  >  ate  nut  cijual,  utxt  the  tesali.nnt  nwiaicnt  tendmi;  to  brin^  tlic 
beam  bcui:  inia  i(>  equilibrium  pcniiion  is  o>iiial  to  H' mult  i  pi  ted  by  tlic 
diifercnce  bcta-cen  ili«;e  arriK.  Therefore,  »mce  ihU  momcni  depvnds 
on  W  or  the  load  in  the  paiw,  lli*  greater  IC  it.  tlic  ^tkaxcx  will  Ijc  tlw 
tentletKy  for  the  beam  to  return  to  '\\i  equilibrium  position,  so  that  it 
will  require  a  greater  diffirrnct  in  the  loads  in  the  two  paitf  to  dcfica  the 
bcaun.  In  the  fellowin);  diM^miion  v-e  thiW  assiinie  that  llic  central 
tjdfe-cdge  and  ihc  terminal  onci  all  tie  in  a  iiraight  tine. 

Uoder  lhe»«  condiiiona,  let  A  and  c  (Pig.  69)  be  Ike  points  of  support 
cif  the  *cale-pans,  formed  1^  the  Icraiinal  kDife-edtjes,  and  B  the  fuknini, 
fanned  br  the  centtul 
kiufe  edicc,  and  tet  t:  be 
the  point  ai  which  the 
■  eight  w  of  llw  beam 
ai:is,£^.  its  cenlrvof  t^ra- 
«ily  (5  '  >■>)■  If  ^\  *"*' 
5^,  are  the  weishi*  0/  ih« 
■ale-pADi,  and  P  and  W 
the  wDghii  of  the  nuxses 
placed  in  iliem,  iIkh 
Ocye  wilt  be  a  tertie.-il 
Ibcce  P^S'y  acting-  ai  i 
md  ODT  of  If'+.V,  acting 
St  A.  If  the  beam  ii  to 
nnuin  hcminntal  when 
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Ibe  9caJc-pan»  ate  removed,  r.  ini»l  be  verlicaily  u»det  K,  Vvt  otherwise 
ibe  hwce  ■W  would  baw  a  nvoment  about  H,  cauiinj;  the  beam  lu  be 
■Mccird.  If  (be  balance  it  tn  lie  true,  the  lieam  must  remain  bori- 
Tim»^l  whenever  ih]1u1  mawe«  are  placctl  in  the  scale-|xiniw  Kenre  the 
b^Lm  inun  be  hotitonUl  when  there  are  no  loxds  in  the  pAns,  and  nlM> 
when  eiurli  pan  U  loaded  with  a  mat*  P.  If  the  length  of  the  arm  AB 
b  a  and  that  of  BC  b  #.  then  we  muKi  have  in  both  of  the  above  caies 
Ihe  OKunentB  about  B  topaiL    That  is 

SoblraciInK  l**^  "i^*  °^  llieie  equation}  from  llic  tecond.  we  get 

Pk~P<t, 

m  '-* 
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We  ic«  ilicrcfore  ihat.  for  ih«  balance  lo  be  Irue,  ihc  arms  niusi  be  of 
equal  length  (it—^)  and  the  sailc-paiis  ofcqiial  weight  {S^^^S^. 

In  order  to  obtam  llie  comlitioiii  for  senaiiivcneis  wt-  May  suppou 
that  tlK-  load  in  ilit  rishl  pan  ii  P  and  that  in  the  left  I'-^x,  and  that  the 
beam  takei  up  ihe  poiiiion  a'isc',  in.tkinK  an  angle  (i  with  the  bori/onial. 
The  turning  moment  in  the  positive  diccclion  is  then  ctjual  lo  JMiB, 
while  ihal  in  the  iiejialivc  direclion  isa-.Ho',  whete  (i-  is  iheiveighl  of  the 
beam  and  iiu'  is  the  di^ance  between  its  centre  offfnivtiy  in  the  div 
placed  poailiuii  and  the  vertical  through  the  ceniral  knifc-cdgc.  Since 
the  angle  CBO'  \i  equal  to  B,  we  have 

fiU''SUi\ti  6- A  sin  0, 

wIieiT  i  \t  ihe  distance  of  the  cenlre  of  graviiy  of  the  beam  below  iho 

central  knife-cd^c. 

Al»rt  VJt=,'t'// cos  fi= a  cos  a. 


Ilenc« 


jr.a  CDS  6  •=  W.A  sin  6, 
tan*=— j.r. 


Now  the  greater  the  value  of  tan  9,  ihe  ^-cealer  must  l>e  ihe  angle  $, 
i>.  the  greater  the  deflection.  Thus  for  a  jjivcn  dilTcTcnce  (r)  in  the 
loads  of  the  pan*  ihc  mayniiudc  of  the  deflection  will  depend  on  the 

magnitude  of  Ihc  fmciion  '  ,.    This  fraction  is  increased  in  value  if  we 

increase  a  or  decrease  w  or  i.  Therefore,  in  order  that  the  balance  may 
be  ;ij  sensitive  as  potaible,  so  that  a  readable  detlcciion  may  be  produced 
by  a  small  dilTerence  in  the  masses  placed  in  ihe  pans,  vc  must  make  a, 
lhat  is  Ihe  Icn^'ih  of  the  beam,  as  Urge  as  pu^siMe.  and  nittke  k*,  the 
weight  of  ihe  l>eain,  and  h,  the  dislancc  of  Ibe  centre  of  yiaviiy  below 
the  central  knife-edge,  as  small  as  possible. 

In  order  thai  a  balance  may  be  quick  in  returning  to  lU  position  of 
cmiilibrium  after  being  displaced,  it  is  necessary  lhat,  when  displaced, 
ihe  moment  lending  to  bring  the  beam  back  lo  iis  equilibriimi  position 
should  be  as  large  a»  powible.  Since,  when  the  pans  arc  cijually  loaded, 
Ihe  only  turning  moment  i»  lhat  due  lo  the  weigh!  of  the  beam,  to  secure 
quickness  of  vibration  we  must  make  ihe  quanliiy  a'Asinfl,  which  cn- 
pnesse^  this  moment,  a*  large  as  possible  for  every  ^'alue  of  ft  We  can 
do  this  by  making  A  latuc.  No  «<b'antagc  would  accrue  by  making  w 
large,  since,  allliough  we  should  llieruby  increase  ihe  turning  moment, 
we  should  increase  Ihc  mass  lo  he  mo*ed  in  the  same  piopnrtinn,  so  lhat 
ihc  acceleration  with  which  the  lieam  would  move,  and  hence  ihc  lime 
takieu  lo  return  to  iii;  equilibrium  position,  would  remain  unaltered.'     The 

■  The  reason  Itjr  lhl«  will  be  mrinr  apparent  when  lh«  subjeet  of  the  dme  oF  iribf«> 
lion  (if  a  peniluluiii  lia>  been  diicus  t±     See  1 113. 
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only  way,  Iberefore.  of  securing  rajMilJiy  in  llic  indication  of  a  habnce  i» 
to  make  ll»e  centic  of  Kniviiy  of  the  beam  sonic  distance  beloit-  the 
i^eotral  kntfeHNlgc^  It  will  be  ohticn-cd  that  thn  condition  is  in  direct 
aaugoniim  ta  one  of  the  conditii>iu  ftir  sensitiveness,  and  «e  have  in 
this  cue  to  choote  Kiic.h  a  value  for  A  as  will  make  the  balance  fairly 
(|iiict:,  wiiboui  unduly  reducing  the  tentilivenciss.  Another  element 
which  aflcctt  the  quiclcnrM  of  a  balance  lies  in  (he  fact  thai  when  the 
beun  CDoves  the  mau  mm-cd  includes  noi  only  the  beam  itself,  but  also 
the  scale-pans  and  tlicir  contents,  llwill  be  evident  that  for  a  given 
load  the  distance  thrautth  which  the  load  is  moved,  as  tlie  lialancc  beam 
swings,  it  greater  if  the  beam  U  tong.  Hence  Icnj^ibcninj;  the  beam 
will  increase  ihc  time  the  balance:  takcii  to  swin^-  Tliit  requisite,  again, 
clashes  with  one  of  the  re<|iiisiics  for  M:^'iti^'cncss. 

The  easiest  way  of  drawing  attention  to  the  way  in  which  the  dilTereDt 
requisites  of  a  good  batai\cc  are  secured  in  a  modern  physical  balance  is 
lo  describe  such  a  balance  ;  and  of  the  inany  «li);htly  dilTcrent  lyv**  ■■* 
■se  we  will  seh^ct  one  of  those  inadi-  by  Bunye.  The  beam  of  the  balance 
I'Consists  of  a  triangular  giriler-iliaped  ffiunenork  ABC  ii'ig.  70).  This 
work  carriei  ill*  central  knife-edge  H  iuid  the  end  knife-cdj^g 
A  and  n.  It  alsa  carries  in  front  a  notched  crau-bnr  iiR,  on  which  the 
rider  can  be  placed,  and  a  long  pmnicr  F.  An  aprighl  rod  attached  to 
the  ba<:k  of  the  b«am  »ervcs  to  counterbalance  the  pointer,  &c.,  in  front, 
at)d  carries  lu'O  small  wt^i^hts  I,  by  nteans  of  which  the  pusition  of  the 
centre  of  Hraviiy  of  the  beam  may  be  raised  or  lowered,  and  hence  the 
sensittveneu  altered  ;  by  moving  tlie  weight  on  the  horitonial  ami,  the 
beam  can  be  made  lu  balance  in  the  lumionial  position  nhen  ihRte  is 
BO  load  on  ihc  pans.  The  stimips  which  carrj-  the  pan*  have  t.mall  a^alo 
planea,  which  rest  on  the  terminal  Unifc-ed^s  of  the  beam.  Tlic  stirrup* 
also  carry  two  small  stgaXc  points  which,  witcn  the  beam  is  lowered,  fall, 
one  into  a  small  conical  bi>lc,  and  the  other  into  a  groove,  which  are 
carried  bj-  uprights  K  attadwd  to  the  stand.  Tbtie  sen*e  to  slighily 
raise  the  agate  ptai>es  from  the  knife-cdKCs  when  the  beam  is  looTred, 
And  thus  prevent  the  knife-edges  brin^'  damaged  when  Wrights  are  being 
placed  00  or  removed  from  the  pans.  The  beam  itself,  when  lou-cied,  is 
raised  from  the  central  plane  by  two  similar  nj-ate  pins,  aa  ndl  as  by  tiro 
knife-edges  ll,  which  tupport  the  arms.  Tlie  poisiiion  of  the  beam  is 
read  by  the  poinicr  p,  which  moves  over  an  ivory  scale-  For  s«ry  acca- 
raie  work,  where  ibe  smallest  mm'ement  of  the  pointer  has  to  be  obserred, 
a  inicrosrope  M  h  employed,  whirh  is  focusscd  on  a  small,  finely  divided 
•cjilc  <>  attached  to  the  pointer-  The  handle  K  serves  to  raise  and  lower 
the  beam,  and  to  raise  the  supports  which  con>c  up  and  dlch  the  lower 
auiAice  of  the  p.-ins  when  the  licant  is  lon-ered.  A  uiiall  lever  o.  norkcd 
by  the  bnwile  P,  sen-cs  tn  adjust  the  position  of  the  rider.  'Die  rider 
weighs  only  half  a  ccniigram.  and  tlie  position  of  the  adjusting 
fhtK  I,  tt  so  chocon  that  the  brjun  is  horinmial  when  the  rider  is 
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tUc  cxlrrmc  Icft-haiul  cimI  of  Um  beam,  and  do  wvtgltts  an  in  the  poM^ 
Tlius  ulH'n  Uie  rider  i«  at  llie  ccnife  <if  the  buun  it  it  equivalent  to  a 
vrci|;lil  uf  liuK  a  cenlijcram  in  the  rinbibantl  pan,  while  when  it  is  at  the 
dlccme  right-hand  end  of  the  beAin  it  ix  equivalent  to  a  ointi^ram  in 
lhi»  pan.  The  object  of  lhi»  xirangcmeni,  raiber  than  iIjc  more  tmial 
one  where  ih«  rider  »v!|;li3  a  cvni'igram  and  onty  tiMro  over  half  ibe 
lenylh  of  the  beam.  U  that  the  scale  along  which  the  rider  tnovet  i« 
twice  as  Qpca.    1'lii-j  ii  of  uii|>urtAnce,  sinc«  the  lenph  of  tlw  beam  Is 
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only  tliirtem  emiimetm*,  m>  tlut  aiherwiac  ibe  nuivrnicni  nf  iha  rider, 
roire«pandinK  My  In  a  tenth  of  a  millisTvni,  would  be  to  sniall  as  tu  be 
banllr  obMrvaliln.  The  aih^ntatce  of  (he  nlMin  beam  iti  that  the  liina 
ibo  ludanre  takes  tu  make  ■  tiring  a  much  imalkT  ilian  would  be  ibe 
nue  with  a  Inni;  br«m,  to  thai  the  lintc  taken  la  make  u  uirighinK  n 
llietetry  much  rpdnr.-.l  lly  ilio  cmpto)-ment  of  a  very  iotig  pointer  and 
lite  inicTOw^ope,  wo  nuike  up  fur  tlra  Miuitivencu  loit  by  the  use  off 
kliun  bcMUik 


CHAPTER  XII 
FRICTION 
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96.  Statical  Friction.— Suppose  that  a  body  c  (Fig.  71),  of  mass  m, 
rest  upon  a  horizontal  plane  ab.  Then,  if  no  force  except  gravity  acts,  c 
will  be  in  equilibrium  under  the  aaion  of  two  forces — (1)  the  weight  mg<^ 
the  body  acting  vertically  downwards,  and  (2)  the  reaction  of  the  plane, 
which  must  act  vertically  upwards  and 
beequaltom/.  Now,  let  a  force  Pact  on 
C,  parallel  to  the  surface  AB.  It  is  found 
that  unless  F  exceeds  a  certain  value 
the  body  still  remains  at  rest  Under 
these  circumstances  the  body  is  in  equi- 
librium under  its  weight  mg,  the  force 
p  and  the  reaction  between  its  surface 
and  the  plane,  which  must  now  be 
inclined  to  the  normal,  and  act  in 
some  such  direction  as  Cr',  This 
force  along  Cr'  may  be  resolved  into  a 

reaction  normal  to  the  surface,  i>.  along  CR,  and  a  force  along  cf  which 
must,  if  there  is  equilibriimi,  be  eqttal  in  magnitude  to  P.  This  force, 
which  is  brought  into  play  when  we  attempt  to  slide  one  body  over 
another,  and  which  always  acts  so  as  to  resist  motion,  is  called  the 
friction  between  the  surfaces. 

If  the  total  normal  pressure  between  c  and  the  plane  be  Q,  then  it 
is  found  that  c  will  commence  to  slide  when  the  force  P  bears  to  g  a 
certain  ratio,  which  is  necessarily  less  (ban  unity.  This  ratio  is  called 
the  corfficient  of  friction  between  the  body  C  and  the  plane  ab,  and  is 
generally  denoted  by  the  symbol  /*.  The  value  of  the  coefficient  of 
friction  is  independent  of  the  siie  of  the  surface  of  contact  between  C  and 
AB,  and  of  the  pressure  Q.  It  depends,  however,  on  the  nature  of  the 
substances  forming  the  two  surfaces  in  contact,  on  the  smoothness  of 
these  surfaces,  and  on  the  presence  or  absence  of  any  lubricant,  such  as 
oil,  fat,  blacklead,  &c.,  between  the  surfaces.  The  value  of  fi  has  to  be 
determined  experimentally  for  each  of  these  conditions. 

If  the  force  P  is  less  than  /iQ,  then  there  will  be  no  motion,  and  the 
frictional  resistance  f  will  be  equal  and  opposite  to  P.  When  p  is  just 
equal  to  pQ  motion  will  be  on  the  point  of  taking  place,  and  the  frictional 
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resistance  wilt  have  ils  maximum  value  (fiQ).  If  p  is  greater  than  /iQ 
motion  will  take  place,  but  the  moving  force  will  be  less  than  P,  since, 
although  when  motion  has  commenced  the  fricliona]  resistance  is  often 
no  longer  equal  to  fiQ,  yet  friction  still  acts  as  a  force  tending  to  prevent 
motion. 

Since  the  coefficient  of  friction  is  independent  of  the  surface  of  con- 
tact, it  follows  that  for  a  given  value  of  Q  the  frictiona]  resistance  (f)  is 
also  independent  of  the  extent  of  the  surface  of  contacL  If  A  is  the  area 
of  this  surface,  then  the  pressure  per  unit  area  is  q/a,  and  the  frlctional 
resistance  per  unit  area  is  ^q/a.  If,  while  Q  remains  the  same,  a  is 
reduced  lo  a',  then  the  pressure  per  unit  area  is  increased  to  q/a',  and 
the  frictional  resistance  per  unit  area  is  increased  to  ^Q/a'.  Hence 
the  frictional  resistance  fer  unit  area  varies  directly  as  the  pressure  per 
unit  area. 

97".  LlmlUogr  Angle.— When  motion  is  just  about  to  commence,  and 
hence  p  is  equal  to  ;»Q,  the  body  is  in  a  state  of  equilibrium  under  three 

forces,  the  force  P  acting- 
horizontally,  the  pres- 
sure Q  acting  vertically 
downwards,  and  the  r^ 
action  acting  along  CR' 
(Fig,  72).  Id  order  to 
find  the  angle  which  cr' 
makes  with  the  normal, 
we  draw  a  line  de  paral- 
lel 10  Q,  and  of  such  a 
length  that  it  represents 
Q    in    magnitude,     and 

Fig.  7a.  from  E  draw  ef  parallel 

to  p,  and  hence  at  right 

angles  lo  de,  to  represent  P  in  magnitude.     Then,  by  the  triangle  of 

forces   (S   72),  the   reaction  which,  together  with  the   forces  P   and    q, 

maintains  the  body  c  in  equilibrium,  must  be  represented  in  magnitude 

and  direction  by  the  line  fp.    Therefore  the  angle  FDE  is  equal  to  the 

angle  c^  between  ihc  reaction  CK'  and  the  normal.     Since  DE  is  equal  to 

y  and  vje  to  p,  which  is  equal  to  >ig,  "c  have 


Un0=^^^ 

This  angle  0,  which  represents  the  greatest  angle  the  lincof  action  of  the 
reaction  tan  make  with  the  normal  to  the  surfaie  of  contact,  is  called  the 

limiting  angle. 


AngU  »/  Repcse 


IIJ 


^ 
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^-iCl-- 


If  a  fcrce  »  applied  to  c  nInnK  »u<:li  a  direction  m  re  (Fig.  73),  mnkinfc 
an  angte  ol^^  wiih  ih*  noniiiU,  ihcn  if  ^  n  Ikbb  ihnn  the  limiiing  angle, 
motion  o(  c  will  not  lake  pljirc,  how- 
ever grcM  ilw  value  of  this  iouie- 
Tbe  nawn  n  that  vie  may  tcm>Ii'« 
lb*  force  tnio  vko  coniponcnti,  one 
panllel  to  tl»«;  iurfatc,  whith  ivnils  lo 
pcoduice  motion  ami  ii  tcsi:<iccl  hf 
the  friction,  and  the  oilier,  w)iich 
adB  tieng  the  nomuil,  produces  a  •  _ 
tnMact  presMuc.  If  t  is  llic  force, 
tbe  iromponeni  paialld  to  ihc  surface 

b  r  sin  ^,  and  the  component  parallel  lu  t)i«  iKimin)  is  v  cus  li.  If  moiinn 
a  just  about  to  take  place,  and  wc  neglect  t)i«  weigtit  of  the  body,  tlien    , 

Bat  /i—tan  ^  where  1^  is  Ihc  lituiiing  angle.  Hence  if  ^  \s  less  ihan  </• 
tnotiot)  vill  not  ukc  place. 

.■^W.  AogleorB«i>ose.— Ifa  bodyo(Fig.  7j)of  mass  wis  placed  on 
m  inclined  plane  aii,  ihcn,  if  there  were  no  friction  between  <:  and  the 
ptiuie,  the  only  forces  acting  would  be  ilie 
weigbt,  which  \>  a  force  of  m^  a<:iing  verti- 
cally downirards  ami  the  reaction  of  the  plane 

liR  tuning  at  tight  angles  in  aii.  As  ihene 
forces  ore  not  in  ibc  ume  straight  line,  the 
body  would  move  dovn  the  incline.  If,  how-  a. 
ever,  there  h  friction  between  c,  and  the 
tarfiue  nf  the  plane,  ilie  friction  will  tend  to 
prevent  tnotum,  and  till  the  plane  hat  a  cer- 
tain slope  the  body  nil)  remain  at  res^  To 
find  the  maxinium  inrltn.ilion  (^)  of  the  plane 

to  the  borwonial  we  resolve  ibe  force  tig  into  a  component  parallel  lo  ba, 
■bjchiendsto  produce  inoiion,  and  a  component  normal  to  SA,  which  act* 
■•  the  contact  prcMuie.  In  the  triangle  iiOF,  the  angle  K(~.ii  is  exiiial  lo^, 
and  RD  is  parallel  lo  ad.  Hence  the  component  of  mg  parallel  to  ba  b 
arjTfiDiI',  and  tile  component  perpendicular  10  ba  is  mgcm  if.  If  motion 
ia  Jun  atwut  to  commence, 

mg  sin  ifi  •'itJtg  CO*  ^ 
fi-tan  <f. 

Hence  JT  4  >*  greater  than  the  limiting  angle,  motion  uk«  place.  The 
maMRium  inclinaiion  (o  live  horiiontal  of  the  plane  which  is  possible 
without  the  body  sliding  ts  called  the  o«^c  efrtpose. 

Thos  tlie  angle  of  lepoie  in  equ.'d  lo  iIk  limiting  angle,  and  llie  cn- 
ritoent  uf  friction  b  oiual  to  the  Lingcnt  of  either  of  these  angles. 
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99*.  Kinetic  Friction  between  Solids.— A*  mcniioned  in  §  96,  after 
slippini:  li.is  Tiiiiimcniol  tlic  friciion  wniiniics  ;i»  a  force  lending  to 
prevent  iiioiion,  bui  iliv  magnitude  of  the  friciion  is  in  gcncml  Icm  ihan 
il  n  just  before  ^ippin^  toinnieiitcH.  It  is  found  by  cxpcrimKnl  llial,  as 
long  as  the  speed  «f  the  molion  is  mil  loo  gteni,  ihc  frictional  resiiiaocc 
is  proportional  to  the  tolal  picasuic  between  the  iwo  solids,  and  indepen- 
dent of  tlic  vclority. 

If  Q  is  Ihc  loml  normal  prenurc  between  Ihc  solidfe  and  /■'  x*  the 
friciiooal  rcsiaiance,  ilien 

where  v  is  called  llie  coclTiciem  of  Hmlie  fridion.  Hence  if  n  fore*  P 
parallel  to  Ihc  plane  surfncf  au  (Fig.  72)  act  on  a  liody  f '  of  mai*  «,  ihen 
Q  =  mi;  and  t-'^rmj^.  Since  the  friclional  resistance  opposes  the  molion, 
the  resultant  force  which  i.i  avail^ible  for  changing  the  mntinn  of  ihc 
body  is  /"— /"'or  I'—rmg.  The  .nccclcmlion  (<j)  produced  by  this  force 
is  given  by  p-F    P 

a" — rir. 

m       «     * 

Ifthcrc had  been  nofriciion  the  acceleration  would  haxc  been /"iW, so  that 
the  cTcct  of  friciion  is  cqnivAlcnt  to  a  ncgativ<-  acceleration  of  vg  units. 

Of  course,  if/*  is  less  than  rWj^,  ihc  body  if  in  movement  will  ^mdtiully 
come  to  rest,  and  then  it  will  ret)uirc  a  force  greater  than  lung-  its  start 
motion  again.  In  the  following  table,  some  of  the  values  of  the  coeffi- 
cieiil  of  kinetic  friction  obtained  by  Morin  arc  given. 

COKl-TirlKNT  OK  KiNKTIC  FkICTION. 


Oak  on  oak .    . 


n         •■ 
Iron  on  oak .    . 

II        •> 
lion  on  bronie 


Iron   on    ii-on,^ 
sleel  on  steel,  | 
oak   on   oak,  ' 
bronie 
broote 


Mk,  i 
on 


Fibres  parallel 


pcrficndicular 


f  Fibres  parallel  lo 
'(     movement 


(Surfaces  wiihout 
]      lubricant 
j  .Surfaces  rubbed 
]      with  dry  soap 
Surfaces  without 
lubricant     . 
;  Surfaces    welled 
with  water  . 
Surfnc«s  without 
lubricant 
j  .Surfaces   mbliL-d 
t      with  dry  soap 
Surfaces  sliyhily 

gtcaiy     ,     . 
Surfaces  slightly 

greasy     ,     , 
Surfaces  greasy 
Surfaces    grea.sy 
and    lubricant 
continually  re- 
nerwed     .    , 


0^48 

Ol|6 

0-34 
0.35 
0.62 

0.21 

0.1K 

ais 
ao7-OLo8 

0.04-0.0; 


%  too] 


Rolling  Frution 


US 


'Iliix  I.tbte  ihon-i  in  »  wry  muilccd  tiianiwi'  how  the  friction  1ietwc«n 
solid*  ii  reduced  b>-  tbc  presence  of  a  layer  ot  lubricant  If  ihc  ntotion 
is  cxlrcincly  rapid,  .nitd  the  surfaces  in  coouci  arc  iuRicMntly  Ui>;c,  ii  n 
pos'iibic  to  UM  air  .u  n  lubricant,  and  under  iheM  drcumsianccs  the 
friclion  is  ttionnou'.l)"  rwlutciL 

100*.  Rollinff  Frletion.  When  a  wheel  or  cfltDder  roHa  d«i  a  plane 
surface,  Ibere  is  produced  at  ibe  point  of  fontiuri  a,  roiciance  w  the  inuiion 
which  h  Ecncnilly  wid  lo  be  due  to  railmg /riftleti.  This  rc&tsiaiKW  is 
not  a  true  friction  in  the  »eiu«  of  the  word  used  m  previous  pajies,  since 
there  is  no  Telative  fnoticm  of  th«  two  nnfuxs  «l  Um  pointc  of  contao, 
hence  there  is  no  slipping. 

Suppose  that  a  cylinder  r.v  (Fi^.  75)  rotls  on  ■  horiionia)  pbne  AV, 
and  a  lij;ht  strinn  U  passed  over  the  cylinder,  the  tensions  p  and  y 
in  ihe  two  portions  of  this  siring  being 
adjusted  so  that  iIk  cylinder,  wbco 
Jiarled,  toniinues  10  move  with  a  uni- 
form speed,  roliint,'  alon^  fruin  A 
1n«-;tnU  a  .Since  the  mulioii  is  uni- 
fi^rm,  il  fotbiirs  that  the  (brrrs  acting; 
on  the  cylinder  arc  in  e<|iiiTibriuin. 
These  forces  arc  the  weight  >»'  of  the 
cylinder  acliaj;  vcrliailly  doirnwaids 

liirDugh  the  axis  0,  the  forces  V  ami  Q.  fi,         \      '^ifrl  ^C      I  B 

and  the  reaction  of  the  jilanc  ad. 
Now  il  IS  found  ex pcrimcii tally  ihnt. 
If  the  motion  in  the  direction  from  a 
tu  II  il  to  be  uniform,  *i  must  be  >^eaier 
than  r.  The  icsuttani  of  the  paialkt 
Toree*  q  and   P  vill  iberefore  be  a 


t 

N 

G 

L 

H 

J 

F 

p 

w 

K 

q 

M 


Ibree  nearer  Q  than  P  (g  69).    Let  HK 

Iw  this  resalianL    Tltc  reutliant  of  this  force  IIK  anil  the  ncight  i>r  ibe 

cylinder  must  lit;  somewhere  between  tlion,  ixf  alonn  i.&i.    If  then  the 

force*  are  in  equilibnunt,  il>e  reaction  nf  the  plane  must  act  along  t.N. 
In  other  words  the  reaction  of  the  plane  does  not  set  thtou^fli  Ibe  point 
c,  where  in  (he  fieurc  the  cylinder  touchn  the  plane.  This  apparent 
impossibility  is  oxplaiiMble  if  we  suppose  that  ro1lio|i  friction  i*  really 
due  10  lite  foci  that  the  plane  becomes  deformed  anil  a  smaD  ridge  is 
"  rolled"  up  to  front  of  llie  cylinder,  or  thai  the  cylinder  itself  hccnmcs 
fLiiicncd.  The  former  of  these  effect*  can  be  clearly  seen  if  a  wheel  is 
iiiiicd  on  a  sheet  of  india-nihbcT  \  for,  at  sliown  in  Kt(t.  7ft,  ilie  rubber 
is  fiiTcci]  up  into  a  small  lid^e  before  iIh.*  wheel.  TIic  latta  tSk^x  it 
ilUiitrated  in  the  tasc  of  a  pneumatic  bic>x:le  tyre,  Tlie  maKnilude  of 
tile  icsistaitcc  tu  inoiion  in  tlic  oks/e.  of  rolling  t*  very  ttKidi  unoller  than 


ii6 


iffcAoMKS  ami  Pmpertie!  of  Mailer 


gioi 


that  in  ihe  cn.'W  of  sliding.  Thui  Couioinb  fuunil  tli;it  in  ilie  casc  of  a 
cylinder  of  lii{niim-viw;,  |6  ccniimctrcs  in  diamclcr,  when  loaded  with 
lcx»  |K)Uniis,  ihc  rciisiancc  lo  rolling  ainoimtwl  lo  (>  pounds,  while  with 
ihe  »iiiic  load  llic  rfsiniance  to  sliding  would  have  amounted  to  at  least 
3CO  pounds.  Whenever  it  ii  possible,  ii  n  theicfbrc  advanta),-eous  to 
sulutilutc  rolling  for  slidiog,  if  the  (irictlonul  retistance  lo  motion  U  to  be 


Vir..  76. 

reduced.  Thus,  in  the  case  of  a  carriage,  the  sliding  friction  H-hich  ocruni 
in  a  sledge  is  rcpl.-ircd  hy  rolliniif  friction  bclween  the  tyic  of  the  wheel 
and  the  ground.  In  the  niudern  bicycle  even  the  sliding  fnclion  of  a 
wheel  upon  its  aide  i*.  as  fiir  as  gto^iblc,  replaced  by  tolling  friction  in 
the  bidl-bcaring,  where  a  number  of  hard  steel  balls  are  |>hiced,  »o  thai 
the  hub  of  the  wheel  rolls  on  thciii,  and  ihcy  roll  OLi  the  axle  itself 

101.  Loss  of  Available  Baergy  duo  to  Friction. —Since  in  every 
case  friction  ads  as  u  force  tending  to  check  the  molioii,  whenever  any 
displacement  actually  takes  pi.ice  work  will  have  to  be  done  against  Ilie 
frictional  resistance.  The  energy  which  is  necessary  to  perfonii  thit 
work  is  converted  into  heal,  and  this  heat  gradually  becomes  dtfTused 
amongst  neighbouiing  bodies,  and  so  the  cneigy  is  no  longer availalile 
for  doing  work.  The  frictional  resistance  alwttyi  opposes  inotion.  so 
that  if  we  change  ihc  direction  of  motion  the  direction  of  the  frictional 
resistance  also  changes,  so  thai  it  is  impossible  to  milisc  this  force  to 
increase  the  motion  of  a  body  or  to  do  work,  but  work  h.is  always  to  be 
AowK  ugaiast  \\.  It  is  therefore  hardly  coiTecl,  in  view  of  the  definition 
of  foi-cc  given  in  g  59,  to  cjill  the  frictional  resistance  a/cir.  Since, 
however,  it  always  nets  as  if  it  were  k  force  opposing  iiiuiion,  it  is  con- 
venient so  to  regard  it. 

102.  Friction-Dynamometer.— One  of  the. ipplieations  of  friction  is 
lo  eniptuy  it  to  measure  the  power  or  rate  of  doing  work  of  a  machine, 
such  as  a  steam-engine.  A  form  of  friclion-dynamotneteT  for  this  purpose 
is  shown  in  Fig.  77.  .A,  pulley  .\  with  a  flat  edge  is  lixed  to  the  shaft  of 
the  engine,  and  a  strap  iK^ii,  on  the  inside  of  which  blocks  of  wood  arc 
usually  fixed,  rests  on  the  edge  of  this  pulley.  One  end  of  the  snap  is 
nliachcd  to  a  spring  balance  k,  by  means  of  which  the  tension  acting  on 
this  end  of  the  strap  can  be  mcnsured,  while  a  tension  /',  caused  by  a 
weigh!  suspended  oo  the  other  end,  wirves  to  keep  ilie  strap  light.    The 
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Fio.  77. 


engine  having  been  tiartptl.  P  U  increased  lill  il  ts  cxcninj;  il*  nuxiinutn 

power ;  lb*  w'Oik  being  done  against  (he  frictioB  of  ihc  Mooden  blocks 

od  the  ed)[e  of  the  pulley.   Ifrit  ihc  ntdiuiof  the 

pulley  and  R  ihc  radius  of  the  ponion  of  a  circle 

afoof;  which  the  »lrap  lies"  tlic  numbrrnf  lums 

ihe  pailte>-  makc»  per  i«cond,  and  the  rcadint!  Oti 

ibe  sprinu -hi lance  ii  H',  th*n  the  sum  of  the 

moments  of /"and  Wabout  the  axle  is(/'-  I*')/.", 

and  thi*  must  be  cvual  to  ilic  moment  of  the 

fnction  abotit  the  umc  xa%  since  the  strap  and 

Uod(«  are  in  cc]mlibtium.     Hence,  '•£  F\^  the 

fnclianal  resiitance, 

Fr  =  (l'-Wyi   .     .     .     it). 

Now  the  friciioml  resistance  F  k\%  i;tnicentia]l>-  to  the  pulley,  and  tends 
'  Id  check  Uw  motJoo.  The  diitancc  through  which  the  cdgv  of  the 
i,fMilley  moves  againu  F  during;  one  second  is  Vftrti.  Hence  the  woiV 
\Aeut  at.'ainit  friction  in  one  second  is 

iwrm.F     ....    (nj)i 

diiK  il  Uh  power  expended  in  fRciion.    Suhstittitint;  the  v^ilue  nf  r 
"  fton  Mplalion  (1;  in  {it),  ««  f^l  that  the  pouer  tpcni  a^alnit 

r 

twnHiP-W). 

If  (hen  the  who!c  available  poweruf  ltieeo);ine  is  ipenl  in  01-etcoininf; 
;  frvnion  of  ibc  dynamomcier,  and  H  is  the  number  of  units  of  work 
r  tecttnd,  in  tlie  kysicm  in  which  R,  P,  and  JC  are  metuuted,  which  are 
i  to  ■  borK-pQwor,  the  bone-power  will  be 

W ^ , 

which  M  is  obtained  by  countinfr,  R  by  adding;  the  thickneM  of  the 
fatocks  to  the  nditis  of  the  pulley,  and  /'  and  H'are  obtained 
I  the  weight*  placed  in  the  scale-pan  and  tlic  reading  uf  the  ^ng 
t  respectivelf . 
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CHAPTER    XllI 
GRAVITATION 


103.  Attraction  and  Repulsion. — lii  the  caso  of  iwo  poniuns  of 
m.-iltrr  briwccn  whirh  a  sirus  exists,  and  in  wliich  we  are  tillable  10 
inicic  any  niatc(ial  coiincciiiit;  link,  it  is  imial,  if  the  8ire»s  tcnih  lo  malLe 
the  bodies  ino\-o  towards  one  anotlier,  to  say  that  the  bodies  attnul  one 
another.  If,  on  the  other  hand,  ihc  sitcss  is  such  as  ta  tend  to  make  the 
bodies  separate,  then  we  say  they  »v/V/one  another.  For  conveiucDce, 
the  force  in  the  cue  where  the  bodies  repel  one  another  in  jfcnerally 
regarded  a^pesiliitt  and  that  in  ihc  case  wheic  they  atmut aac  another 
as  nfgaii'.v. 

104.  Tha  Law  of  Inverse  Squares.— In  general,  when  the  distance 
between  two  particles  which  attract  or  repel  one  another  change*,  the 
stress  liclwecn  the  panicles  altetii.  The  only  case  whirh  we  shall  ex- 
amine, since  it  is  by  far  the  moM  important  In  physics,  is  that  in  which 
the  stress  varies  inversely  as  the  square  of  the  distance  bciween  the 
particles,  and  take*  place  in  the  direction  of  the  line  jmniitij  ihcn^  As  a 
particular  case  of  thi^  i^eneial  law.  which  is  called  the  law  of  the  inverse 
square,  we  may  take  the  case  of  the  attraction  between  two  particlci  of 
mass  m  and  «w'.  (The  stress  between  the  panicles  depends  directly  on 
the  pniduct  of  the  masses  .ind  inversely  on  ihc  square  of  the  disLince  (li) 
between  ihcin.^  Hence  if /-'is  the  forec  which  cither  panicle  excrti  on 
the  other, 

HIJW' 


-F  «   -=, 


or 


.r=Jt.^, 


where  if  is  some  constant. 

If,  instead  of  having  only  two  particles,  there  are  a  number,  then 
cuperinieni  shows  that  the  fotce  exerted  on  each  p.iTlicle  is  the  resultant 
of  all  the  forces  which  would  be  cxcried  by  each  of  the  other  particles 
separately. 

106*.  Work  done  by  Attraction  or  Repulsion.— If  the  distance 

between  two  particles  which  attract  one  another  is  increased,  work  will 

have  to  be  done  on  the  system.     If  the  particles  approach  one  another, 

however,  they  ate  capable  of  doing  work.    The  niaxinitim  of  work  will  be 

done  by  or  on  the  system  when  the  particles  arc  brought  Troni  an  infinite 

lit 
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f  1Q5]  ll'prJIr  itom  by  AllratlioH  or  Rcfiulsion 

distance  mto  cootncl,  or  mtn-cd  from  contact  to  an  infinite  disunce  tmm 
one  Mioihcr. 

It  therefore  foltom  th»l,  in  ihc  cue  of  two  panicles  uhicli  attract  one 
KDOthcr,  nhcn  they  arc  not  in  conflict  they  poucu  a  tertain  amount  of 
poicniial  cnctjfy,  (or  they  can  be  made  to  do  »-oik  during  their  approach. 
The  amount  of  norb  which  can  be  done  when  the  system  changes  from 
the  position!  shovn  at  a.  b  ty'ig-  78)  10  the 
poeilioin  a.  B*  depeiuti  ainiply  on  the  posi- 
tions of  B  and  B*  "nth  reference  10  A,  and  is 
independent  of  the  form  of  the  path  by  which 
the  particle  paRse^  from  n  to  fi.  If  this  were 
not  so,  suppose  that  when  the  panicle  went 
ffom  R  10  n'  along  ili*  path  hcm"  more  work 
srai  done  by  the  particle,  than  tvhcn  it  went 
«loiV  ibe  P>tb  EDS'.  Now  suppose  th« 
woric  doi»e  b>-  the  particle  when  taktn  along 
the  path  BCs'  is  »■„  and  that  along  the  patli 
bIjb'  ii  Wa  so  that  B',  >  SJj.  Let  the  piimde  move  from  B  to  B*  along 
the  path  tctt,  doing  «>,  units  of  (rark,  and  be  taken  back  10  11  nlong  the 
path  B'DB,  Vj  units  of  work  beii%  done  on  it.  The  con  Iik"  tat  ion  of 
(be  system  is  now  the  same  as  at  first,  bui  in  the  cj-cle  performed  by 
l)ic  panicto  B  lite  work  «■,  done  by  the  system  is  greater  i]iaa  the  work 
a",  done  on  the  system,  bence  there  remains  a  quantity  of  energy  Wi  —  w, 
over,  B-hicb  mijfht  be  utilised  for  doing  external  work,  so  that  the 
amuigenieni  would  give  us  "pcrpcttial  motion."  Since  by  the  doctrine 
of  ihc  CDtuerraiion  of  energy  this  is  inipost.ihle,  it  follows  that  w,  most  be 
equal  to  sv^  or,  in  other  words,  the  work  done  either  by  or  on  the  system 
between  any  two  con fixurji ions  depends  solely  on  the  initial  and  lin.1l 
oanEguntMin  {Lt.  the  positions  of  die  particle),  and  is  independent  of  the 
iutciUMdiaK  steps  by  which  Uie  system  changes  from  one  conliguraiion  to 
iticockn. 

to  onter  to  calculate  Ihc  n-ork  which  can  be  done  by  the  particle  in 
passing  from  B  to  tf,  »«  suppose  the  path  to  consist  of  tuo  portions,  first 
a  part  inc  of  tlie  stiaiglit  line  joining  B  to  A,  and  then  a  partioo  of  a  ctrde 
with  A  at  its  centre  and  ab"  as  Its  radius.  Since  there  wilt  be  no  work 
done  durntg  the  passage  of  the  particle  along  the  circular  ponion  of  the 
path,  Ibe  motion  being  at  alt  points  at  right  angles  to  the  brc^  the  work 
done  along  tbc  patli  bk  will  be  ciiual  to  ilie  work  done  ahmg  any  path 
between  B  and  B^. 

kmwf 


VVben  (he  panicle  Is  at  B,  llw  Ibrce  acting  on  it  is  ' 


lIinNqth  a  small  distance  hi,  the  Force  b«conMs 


i^'i^r 


I  if  it  moves 
r 

The  product  of 


the  mran  foi^:e  into  &/ gives  the  work  done  over  the  snull  element  iWof 
the  path,     The  voile  done  over  the  next  clement  &f  is  in  ihc  same  way 
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ISO 

"  i  "I  f7 — TrTa'^^'i~jjia  |''''i '""'  *°  ""-  TT"*  'fial  work  done  will  be 
the  sum  of  a  number  of  such  temu  tnkcn  for  ihe  whole  pnih. 

If  lU^  is  ihe  dUiunce  Ab'  or  AE,  then  tli«  o-ork  <lunc  beiween  n  itnd  t^ 

iuid  therefore  aUo  Ijelwccn  B  ami  B',  cm  be  ihoufn'  to  be  jfriwiw'fy  _  yj. 

If  the  point  It  is  nt  an  infinite  diMance  from  A,  (hen  the  work  done  by 
the  bofly  in  the  case  of  ai[r;iction,  or  a>f;iinst  the  body  in  the  case  of 
repulsion,  when  moved  up  fiom  an  inltnitc  diaiaace  to  a  distance  tl^ 

■ince  1=0.  *^ 

oo 

Iftbc  body  which  »  moved  It,  of  unit  mfu»,  /^.  if  jj/^i,  then  the  woil; 

done  is  ^ 

In  the  case  of  two  bodies  which  rejicl  one  another,  and  Are  at  a  di»- 
Uuace  il-u  they  possess  a  tennin  potemkl  cncrj^'  due  to  tlieif  mutual 

repulsion.      Thf  amount  of  Ibis  potential  energy  is       ;-,  since  this 

cxpi^tsion  gives  the  maximutn  amount  of  work  which  couM  be  done  by 
the  mutu.!!  repulsion  of  the  Ijodics,  for  there  is  no  force  exetted  between 
the  bodies  when  ihey  are  at  an  infinile  distance,  %n  that  tlieir  potential 
energy,  .is  far  .is  ihcir  mutual  rcpuUion  is  concerned,  i^  lero. 

106*.  PoWntlal.— It  has  been  shown,  in  the  last  section,  that  the  work 
which  has  to  be  done  to  remove  a  unit  inuM  from  a  given  point  in  the 
licit: libuurhood  "^  another  mass,  to  a  place  where  there  ceases  to  be  any 
atlraciive  or  repulsive  force  betn*een  the  masEcs,  is  a  lixed  qunnlily 
depending  simply  on  the  position  of  the  point  with  reference  to  the 
attraciinji;  mass.  This  <|uantlty  of  work  may  be  looked  upon  as  an  attri- 
bute of  the  given  point,  the  attracting  mass  of  course  being  supposed  to 
remain  fixed  in  (msilion,  and  ii  is  then  called  the /(>/<■«//■</  of  the  given 
paint.  Thus  the  potential  at  a  point  at  a  distance  li  from  a  mass  m  is 
equal  to  ^^ 

107.  Kepler's  Laws.— Astrononiital  obser\-ation5  having  shown  that 
the  earlh  and  the  other  planets  move  round  the  sun  in  approximately 
circular  (really  elliptical)  orbits,  it  follows  that  there  must  he  .ittrnciion 
between  each  planet  and  the  sun,  for  otherwise  the  planets  would  travel 
in  straii;hl  lines. 

Kepler,  by  ft  careftil  study  of  the  observations  on  ihc  motion  of  the 
planets  made  by  Tycho  Hrahc,  deduced  three  laws  which  now  bear  his 


KepUt's  Laws 


121 


Fio.?* 


Kepler's  taw»  are  au  EoUows  i-~ 

I.  Tbe  ATvaa  »ir«jit  out  by  the  ilta!j;ht  line  joininji  a  planet  to  llie 
sun  are  praponional  to  the  time.  1'hui  in  Tig.  79,  if  s  it  tlic  posiiioii  of 
tliie  sun,  niul  PiPfPi  ■  ■  •  fg  i*  the 
orbit  i>f  a  pUnci,  am)  in  a  f;iven 
interval  /  the  planet  move*  from 
I'l  to  IV  or  from  P,  to  P„  or  from 
!■,  to  P,,  &c,  then  the  areas  PjSPr 
I'jSPj,  and  PjSPu  ice,  are  all  equal. 

3.  Tite  oilMt  or  a  planet  is  an 
ellipse^  ibe  nui  bditfC  ;tt  one  of  the 
fbd. 

3.  The  »quai«»  of  the  tiui*  laVen 
IB  describe  ita  orbit  t>}-  diflcient 
plAiMts  are  proiKmional  to  the  cubes 
of  ibo  mean  distances  of  tbe  phnels 
fWmt  the  sun.  Thus  if  7\  and  T,  are  llir  limes  taken  by  tno  planci«  to 
describe  tbeir  orbdln,  and  />,  and  />,  are  their  diatancvs  fiuiu  tlic  sun, 
then  Keplu'i  third  Uw  states  that 

%-% 

108.  Newton's  Law  of  Opavttatfon.— AHhough  Kepler's  Ian*  give 
us  a  dcwiiption  of  tlic  motion  ot~  the  planets  ihey  do  nm  loll  us  anything 
about  \^e/i>rifi  wliich  serve  to  dctecininc  ilievr  motions.  Newton,  lioir- 
Ct-er,  (tttcoi-cred  ibc  djrniniical  inttrprctaliitn  of  Kepler't  )au*s,  and 
showed  iluit  if  we  suppoie  that  a  Mtess  \i  set  up  Iwtween  each  of  the 
pUoeii  and  the  sun  difecilir  proportional  10  the  rnau  i>f  the  ptanci  and 
invcTKrly  ptnponional  lo  th<-  iiiu.-irc  of  ihc  distance  of  the  planet  frcon  the 
Hilt,  tben  the  mMKmt  of  the  planets  uill  be  just  xuHi  n«  nould  saiisfy 
KepleHs  Uw^  Allhou>;li  it  had  been  previously  su^itfcsicd  that  the  sun 
as  a  wliote  allrairied  each  planet  as  a  whole,  and  the  law  of  the  inverse 
Hpnire  had  even  been  enunciated,  it  b  to  Newton  that  we  owe  the  law  of 
KtaviiBiion  in  the  Ibmi  in  which  it  remain.-i  to  this  day,  vi^fevery  ])orlion 
of  nutter  attracts  every  other  portion  of  mniier,  and  the  street  between 
tbem  \s  proportMMial  to  tbe  product  of  their  masses  divided  by  the  t^iuare 
af  ibeir  distance  apart. "} 

As  a  lest  of  the  trwth  of  his  law,  Xewton  iho«-ed  that  it  correctly 
'  accounted  for  Ibe  force  necessary  to  retain  the  mncm  in  her  orbit. 

If  we  auiime  that  the  orbit  of  tbe  moon  (with  reference  to  tlw  eanh) 
1>  a  ci'cic  of  radius  H.  then  by  ^  41  the  acceleration  of  ilie  moon  towards 
tlw  eanb  Becesmy  to  keep  it  moving  in  this  orbit  will  be 


a— 


/t' 


sibem  V  ii  tbe  linear  velocity  witli  which  tbe  laoon  is  moving  in  llie 
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cinnilitr  atImL     If  T  \i  the  time  the  moon  takes  to  complete  the  orlMt 
{a  sidereal  manth),  then 

Hence  a^i^. 

Sin«!  ihc  force  exerted  by  the  mtraction  of  the  earth  on  a  given  maw 
is  proporlional  In  the  accelci'Aiion  produced  in  ihc  mssi  (S  fil),  i(  follows 
thai  if  Npwmn'*  law  is  irnc,  i.f.  if  the  forec  clcctease*  as  the  square  of  ihc 
di'?tni)cc,  then  if  r  is  ihc  radius  of  ilic  earth  aad  g  the  acceleration 
pfoduttd  by  jjra^iy  »'  'he  surface  of  Ihe  caitl\.  ihe  acceleration  {<f) 
produced  by  ilie  gravitaiiunal  attiaciion  of  the  eailh  nt  the  distance 
of  the  moon  will  he  ^v^a  by 

A" 

In  order  to  cnlcnlnte  the  values  of  a  and  <H  wc  may  take 

A" =140.000  miles. 

r=     4000  miles. 

7"-=    27.3  day*. 

g=  31.2  feel  per  sec.  per  sec. 

Since  g  is  eipresscd  in  feet  per  second  per  second,  we  must  reduce 
R  and  »■  to  feci  and  T  lo  seconds,  then  subililutini;  we  gel 


(140000)' 

The  agreement  is  as  good  as  the  appraximate  values  we  have  assumed 
for  the  various  (juantilies  iviil  alion". 

lOfl.  The  Cavendbh  Experiment.— The  calculation  given  in  the 
last  sertioii  5hoHs  thai  ihc  uii*on  is  atiracled  by  the  caith  with  a  force 
which  follows  ihc  same  bw  as  the  ailraction  exerted  by  the  earth  on 
bodies  on  its  surface.  We  now  proceed  to  show  thai  two  bodies  of  such 
a  site  thai  we  can  handle  them  attract  out  oHolhtr.  Tlie  experimental 
dtSiculties  of  carrying  out  this  iuveitigation  are,  however,  very  great, 
since  the  mass  of  the  largest  body  which  we  can  employ  is  so  excessively 
small  as  compared  alih  ihe  mass  of  tlie  earth,  and  hente  the  allraciion 
between  any  two  bmltes  we  cin  use  is  only  a  smaLI  fraction  of  the  weight 
of  either. 

The  6rst  apparatus  for  measuring  the  gravitaiional  attraction  of  two 
bodies  was  designed  by  the  Rev.  John  Michell,  but  he  died  before  he 


V 


■  s 
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had  time  to  try  the  experiment  Michell's  apparatus,  after  his  death, 
came  into  the  possession  of  Henry  Cavendish,  who,  after  slightly  ahering 
it,  carried  out  the  experiment  which  has  subsequently  been  known  as  the 
Cavendish  Experiment.  ;^ 

The  instrument  employed  is  called  a  torsion  balance,'  and  consists  of  ^ 

a  horizontal  rod  suspended  by  a  long  line  wire.    If  this  rod  is  acted  upon  P 

by  a  couple  in  the  horiiontal  plane,  it  will  ttim,  the  wire  becoming  twisted. 
Since  the  wire  is  elastic,  it  resists  the  strain  (twist),  lending  to  untwist 
iiselC  The  force  with  which  the  wire  tends  to  untwist  is,  within  certain 
limits,  proportional  to  the  angle  through  which  it  is  twisted.  Hence,  by 
observing  the  angles  through  which  two  given  couples  Vwat  the  wire,  we 
have  a  means  of  comparing  these  couples. 

The  couple  necessary  to  twist  the  wire  through  an  angle  B  is  for  a  (^ 
wire  of  any  given  material,  say  silver,  inversely  proportional  to  the  length 
of  the  wire,  and  directly  proportional  to  the  fourth  power  of  the  radius. 
Hence,  tn  order  to  get  an  appreciable  twist  when  the  couple  is  small,  it  is  1 

of  the  greatest  importance  that  the  wire 

should  be  of  small  diameter,  and  also,  /^"Tn  \*^\ 

but  to  a  smaller  degree,  a  long  one.  \2J  ■— -^ 

In  the    Cavendish    apparatus    two  ^  q q^- 

small  equal  masses  m,  w'  (Fig.  80)  are       .^  ^.^ 

attached  to  the  ends  of  the  horizontal  1  M,"'-  (Mh 

rod  of  the  torsion  balance.     Two  large     -— ''  Fic-  8a  ^---^ 

spheres  of  lead  M,  M,  are  supported  so 

that  they  can  be  placed  either  in  the  positions  mm,,  or  m'm,'.  In  the 
first  of  these  positions,  the  attractions  between  the  fixed  mass  M  and  the 
movable  mass  m,  and  between  M,  and  fii,  tend  to  turn  the  beam  in  the 
direction  of  the  motion  of  the  hands  of  a  clock.  When  the  fixed  masses 
are  in  the  positions  n'm,',  however,  the  attraction  between  them  and  the 
suspended  masses  tends  to  turn  the  beam  in  an  an ti -clock wise  direction. 
The  position  of  the  beam  is  obtained  by  observing,  by  means  nf  a  telescope, 
the  graduations  of  a  scale  as  seen  reflected  in  a  small  vertical  mirror 
attached  to  the  centre  of  the  beam. 

If  the  mass  of  each  of  the  suspended  spheres  is  m  and  that  of  each  of 
the  fixed  spheres  M,  and  if  d  is  the  distance  between  the  centre  of  the 
fixed  sphere  and  that  of  the  adjacent  suspiended  sphere,  then  the  attrac- 
tion between  them  is  <^— 3-. 

Hence,  if  a  is  the  distance  between  the  two  suspended  masses,  the 
couple  tending  to  twist  the  wire  due  to  one  pair  of  spheres  is  k-    -  x  ?, 

or  (or  both  pairs  ka,  -  - .    If  this  couple  produces  a  twist  of  6°  in  the  wire, 

'  It  wu  (uhsequently  reinvoiled  by  Coulomb,  and  is  often  known  u  Coulomb'* 
balance. 
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while  previous  cipcrimcnis  havt;  ihov-n  ihat  tlie  angle  of  iwiti  produced 
by  «  unii  couple  is  a,  then 


or 


amAf  a 


Hence  the  value  ofit  can  be  cakulaied  from  ihc  observed  quamiiies. 

Since  the  force  of  attraction  between  a  mav*  of  one  gram  when  at  the 
stiTfuce  of  ibc  earth  and  the  earth  is  g  dynes,  we  hai  e,  if  J/'  i^  the  mass 
of  the  ejinh,  and  /f  the  radius  of  the  carili, 


g-i 


Ml 


Hence 


.•'■=^- 


Knowing  the  value  of  k  from  Cavendish's  experiment,  and  the  value 
of  A'  from  incaiuremenis  made  on  ilie  surface  of  the  earth,  we  tan  there- 
fore cjlculaie  ilie  value  of  M',  the  mass  of  the  eaith.  For  this  reawm 
Cavendish  is  nftcn  s.iid  lo  have  first  weighed  the  earth. 

The  Cavendish  experiment  has  since  been  repeated  by  several  ob- 
servers, ihe  latest  incasiireiiienl*  being  those  of  lloys.  This  obscn.er,  by 
using  an  excessively  fine  thread  of  fused  (tuait^.  as  the  suspension  nf  the 
toniion  balance,  was  able  to  employ'  compaiaiivcly  small  masses,  the 
suspended  spheres  only  weighing  one  gram.  The  results  he  obtained 
gave  the  value  ((■=6.6579  x  lo"*  in  £.g.t.  units,  so  that  Iw'o  small  spheres, 
each  having  a  mass  of  one  gram,  when  placed  so  th.ii  the  di&tance 
between  llicir  centres  is  one  ccniimelre,  attract  each  other  with  a  force 
of  6.6579x10"'  dynes.  This  value  of  k  gives  the  value  5-5268  as  the 
mean  density  (§  isy)  of  the  earth. 

IlO.  Centre  of  Gravity.— Suppose  we  have  two  panicles  at  ^  and  11 
(l-'ig.  81)  of  mass  m^  and  m.     Then  ihey  are  each  aiitactcd  towards  the 

centre  of  the  earth,  and  since 
the  centre  of  the  earth  is  ai  a 
very  preat  distance  compared 
u'iih  the  distance:  ah.  the  foiL-cs 
exerted  by  pravily  on  Ihc 
two  particles  will  be  sensibly 
panillel  in  direction.  Hence 
«'e  have  the  system  consisting 
of  tlie  two  particles  acted  upon 
by  two  parallel  forces  of  mag- 
If  we  divide  (he  line  ab  at  c,  »u  that 


nitudc  ntig  *xiA  «m^' rcbpcctively. 


M;f  *CAC  =  «^XBC 


Centre  of  Gravity 


\%% 


» 


I 
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thm  the  rcxuhnnt  or  (he  tv-o  forces  m,^  and  m^  will  pass  throosb  r 
(m«  %  69X  If  ihc  two  panicIcH  arc  turner]  into  any  oihcr  pMiiion  a',  iC, 
tbe  dutance  aB  between  Ihcm  being  kepi  the  same,  the  forces  doe  to 
Ifravity  will  be  iitclincd  ai  n  dilTerent  an^cle  to  tbe  line  as,  but  the  re- 
Kiltant  will  alill  pau  throutfh  the  point  C.  Hence,  whatever  ihe  po^iikui 
of  the  two  partidei  A  and  B,  so  long  ns  their  distance  npan  rxrmaiiii  the 
Eunc,  the  rcMillant  of  the  giavitntionnl  ailraction  of  the  earth  011  the 
two  panUrles  always  passes  thraunh  a  point  c,  which  hasa  Tucd  position 
tclativet>'  to  A  and  11. 

If  w«  lav*  a  s>'stem  con&Uiin^'  of  thiee  panicle*  A,  B,  and  1>  (Fig.  83) 
oT  nuM  ity,  m^  and  m,  cespcc lively,  then  toe  nuullanl  of  the  cnnh's 
atlnuiioa  on  a  aad  B  acts  at  C,  as  in  the  ^ 
previaas  cate.  We  may  now  conwder  that 
WG  have /ttv  parallel  fotcet,onc»f  nugnitude 
m^g-^m^  aciinK  at  c,  and  the  other  of 
laa^iitidc  m^g  acting  at  ii.  Hence  the 
mult^nt  «ill  paM  ihrough  a  pMDl  K,  tuch 
that 


B 


Pic.  to. 


Therefore  the  iwultant  of  the  earth's  aitrac- 

don  on  the  three  iwnidcs  paucs  through  K, 

ami  will  still  pa«s  through  K,  however  tbe 

tltm;  panicles  ani  turned,  so  lonj;  as  ihcir  rttalH^  positiou  rcniaia 

tmaliered. 

Trocceding  in  this  way  ««  might  6nd,  for  a  system  conii*ting  of  any 
Bumbcr  of  panicle^  a  sini;Ie  point  through  which  the  rcxiilt.ini  of  all  ihi^ 
farcca  exerted  by  gravity  on  the  panicles  will  past,  whatever  ihc  position 
of  ll)e  system.  As  wc  may  regard  any  solid  body  a.-%  built  up  of  a  number 
nf  putidts,  it  therefore  follows  that  it  will  be  possibk-  in  the  case  of 
vmy  •oIi<t  body  to  fint^a  point,  and  only  one  point.  thtuu);h  which  tlw 
IT  of  all  the  forces  exerted  by  gravity  on  llie  particles  consiiiuiing 
.'  iniisl  fKUf.'  This  paint  is  called  the  etfire  f/ gra^'ity,  or  the 
ailrt  »/  miut  of  the  body.  Frciin  this  definition  11  follows  that  ibe 
««ighl  of  a  body,  whi<.h  is  simply  ihc  magnitude  of  tli«  reMiIiant  of  the 
buTcs  exerted  l>y  (,'mviiy  on  the  particlei  wliicb  roniiituie  the  body, 
alvay)  acli  dnwii<rardi  in  a  verticil  diiectkm,  pasting  through  ibecr-nlrc 
ofgnvhy. 

Thcfe  caimM  possibly  be  two  centres  of  gravity  belonging  to  one 
body,  fnt  if  there  were  tv-o,  ny  </]  and  (7^  and  the  body  was  turned  to  Ibat 
llic  line  joining  C,  and  Cf  was  iMritontal,  then  by  definition  llie  resultant 
n/  all  ihn  parallel  force*  dac  to  gravity  acting  on  the  panicles  of  Ibe  body 
[nuri  ihmugh  l!, :  it  also  passes  through  a  scrond  point  (>'•,  nhich  is  not 
tn  ibe  fiiM!  of  ibe  other  nsullani,  which  n  iniposuble.  Ilcnce  tlicre  can 
be  only  one  centre  of  gmvity. 
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,  Tlic  centre  of  gravity  is  a  mathematical  point,  and  it  need  not  neces- 
sarily lie  within  the  substance  of  the  body.  Thus  the  centre  of  gravity 
of  a  uniform  ring  lies  outside  the  material  of  the  ring.^ 

If  a  body  is  suspended  from  a  point,  so  that  it  can  turn  freely  about 
the  point  of  suspension  in  every  direction,  then  the  centre  of  gravity  will 
lie  in  the  vertical  drawn  through  the  point  of  support.  Because  under 
the  circumstances  given  there  are  only  two  forces  acting  on  the  body, 
namely  its  weight,  acting  venicaJly  downwards  through  the  centre  of 
gravity,  and  the  reaction  of  the  support.  In  order  that  the  body  may 
be  in  equilibrium  these  forces  must  be  equal  in  magnitude,  and  act  in 
opposite  directions  along  the  same  straight  line.  Hence  the  line  of 
action  of  the  weight,  i.e.  the  vertical  through  the  centre  of  gravity,  must 
pass  through  the  point  of  support,  since  the  reaction  of  the  support  must 
necessarily  act  through  the  point  of  support. 

111.  Stable,  Dnstable,  and  Heutral  EqtiUlbrlum.— In  the  case  of 
a  body  in  equilibrium,  when  suspended  from  a  point  about  which  it  can 
turn  freely,  two  cases  may  occur.  In  each  (see 
Fig.  83),  the  vertical  through  the  centre  of 
gravity  G  passes  through  the  poipt  of  support 
A.  In  the  one  case,  however,(the  centre  of 
gravity  is  vertically  below  the  point  of  supportJ 
while  in  the  other  case  it  is  vertically  above. 
In  the  first  case,  if  we  suppose  the  body  slightly 
displaced  from  its  position  of  equilibrium,  as  at 
AG  {Fig.  84),  we  see  that  the  weight  of  the  body 
acting  through  C  has  a  moment  about  the  point 
of  suspension  a,  and  that  this  moment  tends  to 
bring  the  body  btuk  to  its  original  position. 
The  body  is  therefore  said  to  be  in  staih  tquiliirium.  In  the  other 
case,  where  the  centre  of  gravity  is  above  the  point  of  support,  if  the 

body  is  displaced  to  a'g'  {Fig.  ^),  the 
turning  moment  due  to  the  weight  now 
acts  so  as  to  incrciise  the  displacement, 
and  therefore  the  body  moves  frtrther  and 
further  away  from  its  original  position. 
(The  equilibrium  in  which  the  centre  of 
gravity  is  vertically  over  the  point  of  sup- 
F](j.  84.  port  is  said  to  be  unstMe.) 

If  the  Ixidy  is  supfwried  at  its  centre  of 
gravity,  then,  since  the  weight  acts  throufjh  the  centre  of  gravity  what- 
ever the  jMisiiion  of  the  body,  the  direction  in  which  the  weight  acts  always 
passes  through  the  pc)inl  of  sujiport,  and  htnce  the  body  when  displaced 
is  still  in  eijuilibrium.  In  such  a  case  the  body  is  said  lo  be  in  nmlrai 
equilibrium. 

If  a  boiiy  IS  in  si.iblc  equilibrium  as  at  a(;  {Fig.  83),  its  centre  of 
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gravity  is  in  the  lowest  possible  position.  lis  potential  energy  is  there- 
fore a  minimum,  for  any  possible  displacement  involves  the  raising  of 
the  centre  of  gravity,  and  in  order  to  raise  the  centre  of  gravity  of  a 
body  we  must  do  work,  because  we  are  moving  the  point  of  application 
(centre  of  gravity)  of  a  force  (the  weight  of  the  body)  against  this  force. 
Hence  when  a  body  is  in  stable  equilibrium  the  potential  energy  is  a 
minimum,  and  any  possible  displacement  of  the  body  involves  the  raising 
of  the  centre  of  gravity,  and  therefore  the  expenditure  of  external  energy. 

As  an  example  of  stable  equilibrium  we  may  take  a  book  lying  on  a 
horitontai  table  (Fig.  85).  In  this  position  the  centre  of  gravity  of  the 
book  is  as  low  down  as  pos-  _ 

sible,  and  any  displacement,  ^^^^^ 

except  sliding  along  the  table  A  ,^^^1^^^ 

which  does  not  alter  the  body's         ^^"^^^^^      ^^^^\i^ 
state  of  equilibrium,  such  as    ~~*^^™^^^*^—     "^^  J 
that  shown  at  B,  involves  the  ^  f 

raisingofthecentreof  gravity.  Pic,  85. 

In  unstable  equilibrium  any 
slight  displacement  tends  to  lower  the  centre  of  gravity,  the  potential 
energy  being,  in  this  fonn  of  equilibrium,  a  maximum.  The  potential 
energy  tending  to  change  into  kinetic  energy,  a  very  slight  disturbance 
may,  in  unstable  equilibrium,  produce  a  very  great  displacement,  for  this 
displacement  does  not  require  the  supply  of  external  energy  to  the 
system  in  order  for  it  to  take  place. 

In  neutral  equilibrium,  there  is  no  change  tn  the  potential  energy 
when  the  body  is  displaced,  the  centre  of  gravity  remaining  at  the  same 
height.  A  sphere  resting  on  a  horizontal  table  is  an  example  of  neutral 
equilibrium. 

We  may  somewhat  generalise  the  above  statements  with  reference  to 
the  equilibrium  of  a  body  under  the  action  of  gravity,  and  say  that  any 
system  in  equilibrium  under  the  influence  of  any  force  (mechanical, 
electrical,  magnetic,  chemical,  &c.)  whatever,  is  in  stable  or  unstable 
equilibrium  according  as,  when  slightly  disturbed  from  the  position  of 
equilibrium,  its  potential  energy  is  increased  or  decreased  by  the  dis- 
placement. If  when  disturbed  the  potential  energy  of  the  system 
remains  the  same,  then  the  equilibrium  is  neutral. 


CHAPTER  XIV 

THB    PENDULUM 

112.  Simple  Pendulum. -(a  Jiwh^  panicle  suspended  by  n  pcrfecrly 
flcKible  ivciyliik'vi  tlirtjd  forms  what  is  called  a  simple  pcndiiliim.) 
Aiihougii  it  la  iiiipoiiiblc  to  realiiic  a  simple  penduhmi,  we  niny  closely 
apprnnch  the  required  conilitioiis  if  wc  suspend  a  small  nie[al  sptieic  by 
II  lang  and  very  tliin  ihread.  The  distance  between  tlic  puinl  of  suppoil 
and  ihe  centre  of  iho  metal  sphere  will  then  be  the  /fitj^/A  (/)  of  the 
stntplc  pendulum. 

Let  OA  {Fig-  S6)  be  a  simple  pcn<liihim  in  its  position  of  rc»t.  Suppose 
the  pendulum  deflected  from  its  position  of  rest  to  the  position  ob.  If  in 
is  the  mass  of  the  pendulum  boh,  then  wc  hax-e 
a  force  mg  actitig  through  U  vertically  down- 
wards, (>.  par;illel  to  OA.  This  force  may  be 
resolved  into  .1  component  mg'  cos  d  along  OB, 
where  0  is  the  nnglc  Ami,  and  n  component 
iMf  sin  t)  nlong  iiL',  the  tangent  to  the  circular 
arc  along  nhirh  the  hob  moves.  The  first  of 
these  coDiponenis,  namely  that  along  iiii,  doe* 
not  tend  lo  bring  the  pendulum  back  to  its  «|ui- 
IJbrJmn  position,  but  simply  caiues  u  tension  in 
the  supptirirng  thread.  The  Other  component, 
Mg  sin  ft  along  nc,  on  the  other  hand,  tcndi  to 
bring  the  pendulum  bncU  to  iti  undisturbed 
position.  .Since  mg  is  constant,  whatever  the 
displacement,  it  follows  that  the  force  of  realiiii- 
lion  is  proportional  to  the  sine  of  the  angle  through  which  the  pendulum 
is  displaced.  The  diitunce  through  which  the  pendulum  ha^i  been  dis- 
placed is  the  lenglhof  thenrcAB,  and  is  etfual  to  ^0,  where  /  ts  the  length 
(ob)  of  the  pemloluni.  The  ratio  of  the  foivc  of  restitution  to  tbc  dis- 
placement is  therefore 

?!^- constant  x*J^ 

Mow  it  has  been  shown  in  S  511  that  when  a  body  moves  in  a  S.H.M. 
the  aroelemtion  is  pi»portion;d  to  the  displacement.  Hence,  a»  the 
force  acting  on  a  body  i«  pruponion.il  to  the  acccientlion  it  produces 
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(Hcwmn's  ««cmk1  Inn),  it  fi>1Ui«s  ihai  il>c  force  which  must  aci  ott  a 
body  tA  caiHC  il  to  cxcmic  a  S.H.M  mu^l  be  pmpoitional  (o  the  <li«- 
plaMincnL  Tims  if  a  bait)'  inovrs  frnm  mt  so  ih«l  ihc  force  Ic-ndini;  to 
bring  it  iMck  to  its  pavilion  of  icsi  is  pniponiunal  lo  its  di<j>lacmi«ii,  or 
that  the  tallo  of  the  force  of  rcstiiuiion  to  the  iliaplacemcnt  it  conalani, 
the  body  will  execute  a  ainiplc  hannonic  motion.  Hence  if  the  quantity 
ain  G16  U  constant  a  pendulum  will  e\«cuie  a  S.H.M. 

Tbe  faUainng  table  giv«s  ujmc  values  of  ibe  ratio  sin  6'0  for  diflerent 
Talacs  of  (J ;— 


Xfrcnr*. 

KMiimi=e. 

Sn0. 

>m  1',1'A 

o'   ttf 

.00:909 

,002<JI>9 

I.OOOO 

«:3f: 

.008727 

.008727 

IXXX» 

I*  rf 

■OI74S3 

.'»745> 

1.0000 

3*    d 

J>34907 

.034'X» 

■999S 

K  i 

.ojjjfio 

■<»i=3j6 

■9Wi 

to'    rf 
jo'    o' 

.349066 

.173648 
,3430x0 

It  wilt  be  sern  tlial  for  vnlucc  of  $  up  to  3*  or  3,°  the  ((Uoiieiii  »in  d,'(?  is 
CDiutani  i»  iiiibin  one  pan  in  500CX  The  motion  of  a  pendulum  i.i  ihcir- 
Ion  n  S.ll.M.  as  looj;  as  the  ai^lo  ihrouuh  which  it  sning«  ia  not  loo 
^Tcnl.  The  wl)lc  also  sh»ws  that  the  ^'aliio  <if  lin  O'lf  dorrr^wf  as  tbe 
angle  9  inri'-a'** ;  this  nwans  that  for  l.irnc  di^pl.iccincnls  ihc  fore*  of 
icslilUilion  increases  tnorv  itonly  tlian  the 
£tptaceineat,anil  bcticc  llw  prndutiim  will 
take  hmjfcr  to  caoi|Jric  ■  vibmlion  i>h):n 
the  ditpl.-ict'mml  is  In'jce  tb-tn  it  doc'  u  hen 
■far  iTcipUn-oK'ni  is  t.m.'kl!. 

113.  Time  of  OsclIUtlon  of  a  Simple 
PeiHlallim.--ln  f,  Jl  it  has  Uen  sIiohii 
that  in  a  S.  H ,  M.  of  aint>)itude  a  tli«  inaxi- 
utain  velocity  t»  im,  where  tt  it  the  .nnjiuUir 
viliiciiy  in  the  circle  of  rcfeience.  Since 
■  ■ir/ 7',  where  7*  is  the  pcriodir  time  of 
the  S.H.M.,  the  nuiiniiun  vclority  i<^  oqiut 
ts  xra!  T.  llcocc  the  kinnic  *i»ci>!y  of  the 
MBipte  pendulum,  of  which  tbe  boh  lias  a 
nuM  M^wltrn  \\  |>asies  through  Its  \tn\- 
tirm  of  equitibrSum.  is  Ttr^miT'.  H  we 
oMuidcr  that  ilie  pendulum  bus  no  |iu4cnii:iJ 
cnerjy  ""Iwn  it  it  in  it*  poiilioo  of  upu-  _      . 

lihtinm,  lllo  vhote  energy  when  it  paisca 

lhniu||h  tlii»  jMJnt  i»  tioetic,  and  is  eq11.1l  10  jarVar'T'.     When  tlin 
1  is  at  tlio  extremity  of  its  swin^  ti  it  inoincniarily  at  tesif  hciico 
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it  possesses  no  kinetic  eneigy,  the  whole  of  tlie  energy  being  potential 
energy. 

Let  O  (Fig.  S7)  be  the  point  of  suspension  of  the  pendulum,  Oa  the 
position  of  rest,  and  on  the  position  of  maximum  positive  elongation. 
Then  when  the  bob  is  at  is  it  has  been  raised  against  gravity  through 
a  height  AC,  hence  its  potential  energy  is  $ng  AC  {§  76). 

Since  the  triangles  Alic,  Alilt  are  similar, 

'AC  ,irM 
'ab'''ad 

AD 

Since  

AD-'^AO''^l, 
we  have  

^^  ^r 

Hence  the  potential  energy  when  the  bob  is  at  rest  at  the  extreme 

elongation  is  

m-^'A^ 
2/ 

The  whole  of  the  energy  of  the  vibrating  pendulum  being  kinetic  at  A 
anil  piiluntial  at  11,  and  since  the  energy  at  A  must  be  equal  to  the  energy 
at  II,  «c  get 

""a/"  ~     J-' ' 

In  this  equation  '( is  ihe  arc  All,  and  An  is  the  chord  of  this  arc.  If  the 
am|)liiu(ie  of  llii'  vil.raliims  aic  suliiciently  small,  the  chord  may  l>e  tulcen 
as  equal  to  ihc  arc,  .and  llien 

Il  must  be  roniemlicrrd  that  this  cvprcssion  only  holds,  and  the  vihra- 
lion^i  arc  only  iiochrcinnus,  i.,:  Ihc  jH-riodic  lime  T  independent  of  the 
anipliludc,  "hen  Ihc  amplituiie  of  ilii:  pendulum  is  small. 

Anollitr  nu-ihcHl  of  obtaining  Ihc  cNprcsicm  for  the  {xrind  of  a  simple 
pendulum  is  as  follows.  It  has  been  shown  in  !;  51  that  in  the  case  nfa 
S.H.M.,  when  the  displacrment  i*  if  the  acci-lcniiinn  is  i/«',  where  w  is 
the  angular  velocity  in  the  circle  of  reference.    The  force  acting,  which  11 
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equal  to  the  product  of  the  mass  into  the  acceleration,  is  therefore  equal 
to  mdi^,  where  tn  is  the  mass  of  the  pendulum  bob. 

Il  has  been  shown  in  §  iiz  that  the  force  of  restitution,  when  the 
displacement  is  /(J,  is  mg  sin  Q  ;  hence,  putting  IB  for  li  in  the  expression 
for  the  force  of  restitution  in  the  preceding  paragraph,  and  then  equating 
the  two  euprcssions,  we  get 

mtB^  =  tng  sin  f ; 
or,  since  iii=«2ir/7',  where  7"  is  the  period  of  the  vibration, 


If  the  amplitude  of  the  vibration  is  so  small  that  d/sin  0=i,  we  get 

the  expression  found  before.  The  numbers  given  in  the  table  on  p.  119 
show  that,  if  the  amplitude  docs  not  exceed  3°,  the  above  expression  gives 
the  time  of  vibration  correct  lo  about  i  in  5000. 

114.  The  Compound  Pendulum,— If  it  were  possible  lo  construct  a 
pendulum  with  a  sufficiently  small  bob,  and  a  suspending  thread  so  thin 
and  flexible  that  it  could  be  regarded  as  a  simple  pendulum,  we  might 
employ  il  to  measure .t,"",  the  acceleration  of  gravity.  For,  rewriting  ihe 
expression  obtained  in  the  last  section,  we  gel 

Ilcnce,  if  the  length  (/)  and  the  periodic  time  (7*)  of  a  simple  pendulum 
arc  observed,  we  may  calculate  jf. 

Although  it  is  physically  impossible  to  realise  a  simple  pendulum,  it 
is  possible  to  determine  what  would  be  the  length  of  the  simple  pendulum, 
which  would  %'ibratc  with  the  same  period  as  a  i>endulum  of  any  given 
form  :  this  operation  is  called  finding  the  length  of  the  equivalent  simple 
pendulum. 

We  may  look  upon  any  actual  pendulum  as  built  up  of  a  number  of 
material  particles.  Each  of  these  panicles,  since  it  is  at  a  fixed  distance 
from  the  point  of  support,  tends  to  oscillate  as  a  simple  pendulum  with  its 
own  proper  period  ;  but  as  the  distances  between  the  various  particles 
and  the  point  of  support  arc  different,  the  periods  in  which  the  particles 
tend  10  oscillate  are  different.     However,  since  they  are  all  rigidly  con- 
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UPcleii  roKftlhcr,  they  fttc  nil  olilit;"i  In  otciUmc  wilh  ihc  snmc  prriod. 
Thii)>  Mime  of  the  |>iirticlcs  u'ill  he.  ohli);c:il  in  oiicillnic  fabler  lliaii  (heir 
naiuml  period,  while  othcis  will  be  oliliRcii  to  oscillate  more  slowly, 
There  witt,  however,  alwa^'s  bv  at  Icam  one  particle  whkli  will  uscillate 
in  iis  <n>*n  natural  pciiui],  aiul  ilio  distance  beiwceri  this  p^iniclc  antl  the 
point  of  support  will  he  ilic  leiiglh  of  the  w^uivaleill  niniptc  pendulum, 
phai  point  in  .t  ptmlulum  where  the  pariieica  are  oicilUiiriK  with  ibc 
»anic  period  as  ihey  would  have  if  Ihty  «'cre  the  hobs  of  simple  pendu- 
lums suspeadcd  from  the  ume  point  of  ftiipporl  m  ihc  arlii.^l  pendulum, 
i&  called  the  ttnlre  o/  Dsdllnli/m,  tbc  point  of  support  being  called  (he 
(tntrf  o/iusfiemieH,  1 

From  what  hai  been  said,  it  will  bo  seen  that  if  the  whole  mass  of  the 
penduluTii  is  Mtppoficd  tu  tte  concenliated  at  the  centre  ofoscillnlion.  so 
ai  to  Uinn  a  simple  pendultiin,  then  the  period  of  this  miii{))<.'  pi^ndtilum 
would  be  the  »;une  a^  that  of  the  conipound  pendulum,  for  many  pur- 
poiei  it  n  convenient  to  consider  that  the  whole  maw  of  a  compound 
pendulum  i«  ronrenitaied  at  its  centre  of  oscillation. 

There  are  many  veiy  inirrcsling  imipertiei  of  ihc  fentre  of  oscillation 
— Ii>  prove  which  would  involve  more  roaihcmaiirs  than  ii  is  possible 
to  introduce  into  these  pages — which  ni,iy  with  Advantage  Iwr  stated 
here:  (l)  'Hie  centre  of  oscillation  and  the  centre  of  ^u^pent^ion  aic 
interchange.! b!e.  Thii*  the  period  of  a  tin ii pound  pendulum  will  be 
unallerc.d  if  ii  is  sitspended  from  its  centre  of  oscillation,  and  the  old 
centre  of  suspension  will  then  lie  ihc  new  cctilre  of  oscill.ilion.  (j)  If  the 
pendulum  is  atruck  a  blow  ai  iistciitrcofosfillaiion  it  will  mtatc  round 
the  centre  of  si,i»pen»ion,  but  ihc  blow  will  noi  produce  any  pressure  on 
the  axle  or  knifc-edj-e  by  means  of  which  ihc  pendulum  is  sitpporied. 
tor  this  reason  the  centre  of  oscillation  \i  often  ciillcd  the  icilrt  oj 
irrawwn.  A  familiar  exaniple  of  the  above  property  of  the  centre  of 
oscill.Ttion  occurs  when  a  ball  i»  struck  with  a  crickct-hnL  If  the  ball  is 
(tntek  with  a  certain  part  of  the  bat,  the  impact  is  not  fell  by  ihe  hands 
of  ihc  striker  ;  if,  htiivcvet,  the  bat  is  slrock  cither  higher  up  or  lower 
down,  a  distinct  "  sting"  is  fell  in  the  hands.  When  no  sling  is  fell,  the 
ball  has  been  struck  with  ihc  part  of  ihc  hat  which  is  the  centre  of 
oscillation  cnrrespondrnK  to  the  centre  of  suspension  where  the  bat  is  held 
in  the  hands.  (3)  If  a  body  is  so  placed  thai  ii  is  free  to  turn  in  any 
way,  say  by  lieinR  floated  on  water,  and  is  sirufik  01  a  point  A  ;  ihcn  if. 
lUider  the  influence  of  ibc  blow,  it  rno\e«  so  that  a  point  /■'  remains  at 
test,  llic  points  A  and  /I  will  be  lo  one  anotlicr  in  the  |K)silion  of  centre 
of  suspension  and  ctnlie  of  osriibiion. 

lis.  Kat«r's  Reversible  Pendulum.— Captain  Kaler  in  i8tB  made 
u«  of  Ihe  fait  that  the  centres  of  suipensinn  and  osdH.alion  are  inter- 
changeiible,  lo  obtain  the  distance  between  these  cenires  or,  in  other 
wordx,  the  lenRth  of  the  equivalent  simple  pendulum,  .ind  from  this  ihe 
value  of  the  acrclcralion  of  griiviiy  (f ),     Knter's  pendulum  consist*  of  a 
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meUl  rod  ABfFi};.  88),  whichcnrriciai  oik  cxtrcmiiyahetvy  Icni-shnped 
nuns  C  Taxi  «ccl  knift-ndgcs  N,  nnd  X,  arc  fixcil  1o  ihii  rod  with  Ihcir 
edges  iiirncil  lou-ards  one  .-innther,  and  at  siich  a  dis- 
tance thftl  ihc  pendulum  vibrates  with  vciy  ncaily  the 
kamc  petiod  irlieili«r  ii  is  auspcDilcd  from  oni^  or  ihv 
otlicr.  Ill  onlcr  to  allow  of  ilic  tiinr  of  vibration  about 
ihtic  two  knife  ■  cdRCi  btiiig  exactly  adjuiied  lo 
cqaality,  lu-o  movable  i-nelal  pieces  (l>  and  RJ  6t  rounii 
Ibe  tod.  The  heavier  of  ihnc  picircn  (l>)  can  he  lititily 
6xcd  to  il>e  rod  by  means  of  damping  M:icwb,  nml 
the  lighler  piece  (£)  is  atuclieil  to  llu;  other  by  a  fine 
*CT*w,  The  two  pietes  arc  mo>-ed  till  the  adjustment 
to  equal  periods  is  very  nearly  complete,  then  the 
puiiliun  of  the  lighter  piece  (k)  is  finnlly  adjusted  by 
nuiaiis  of  ilie  screw  till  the  periods  are  exactly  ecjual. 
When  thb  adjuunicnt  is  complete,  ihc  ilii^ance  be- 
tween the  kni/c-edjjes  is  cuiial  to  the  length  of  the 
etjuivalenl  simple  pendulum,  which  would  vibrate  with 
Ihc  same  period  as  the  ret'crsihle  pendulum.  This 
time  of  vibration  is  then  very  carefully  dcieriiiine<l  by 
Lumparison  with  a  clock,  the  rate  of  which  is  itself 
determined  by  aslmni>miail  observation*  on  the  stars 
made  with  a  tr.iii'-it  in«nimciil. 

IIS.  Vaiiailons  In  iho  Valuo  of  i  at  DifTerwnt 
ParU  on  lh«  Eainh's  Surfnco,— If  the  e;irih  u-crc 
a  iierfecl  sphere  of  imifonii  iltn.viiy,  or,  at  any  rate,  if 
it  •ric  Iniili  up  of  spherical  shcllt,  each  shell  bcinf;  of 
unifbrm  density,  the  nttm<:lioit  exerted  )>>'  the  c.inli 
ot)  ajcircn  mass  would  be  iSe  same  at  all  points  on 
the  earth's  surface  Since,  however,  the  earth  is  tcally 
a  spheroid,  the  di;uneter  lbrou);h  the  iiules  beini;  about 
43  kiloinelTv*  kss  than  the  minimum  eqxiatorial  dia- 
nveter,  tbe  value  of  jf  is  i;ieater  at  the  poles  than  at 
the  eqoalor.  The  &ct  that  tlw  earth,  and  therefore 
any  body  on  the  sur&ce  of  the  earth,  is  in  rouiikm 
oImmii  the  poiar  n^is,  also  makes  the  value  of  ^  Ics* 
ai  the  rqiMtor  ibaa  at  the  p»1i-s  i  ihe  irason  bein|; 
ihai.  as  a  body  on  the  earth's  surfar-e  is  inu^-in^-  in  a 
cirr.k,  p:irt  o(  il»c  furtv  enertcd  by  tbe  earth's  ){mvita- 
tionol  attraction  is  re^iiuted  to  keep  tbe  body  from 
ftyil^  off  alotii:  a  tan^enl.  (^-  is  used  in  neutmltan|{  Ihe  so-called 
cmtrifafal  loFce- 

llteainount  by  which  the  weiffhl  of  a  body  at  iliee4)nalor  is  less  than  ibo 
fiircc  witJi  whtdi  tbe  earth  aiiratis  It, can  be  easily  tabulated,  as  follows:- 

ir  A'  i*  the  ladHi*  of  the  earth,  llicn  the  force  along  the  nidiui  j 
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uty  to  Icccp  n  Ixxly  huvinj;  a  inius  of  i  grnm  moving  in  a  circle  of  radiu» 

/^  U  (s«  §«)  (^*)>  =  ■'^,'^  dynes. 

Now  A'=6.37x  irfcm.,  and  7"— 86164  sec  {pnc  iidertal  Axf), 
Hence  llie  "  ccntri/agsl  force  "  =     -(sMf.£A     "  3-4  dynes, 

fSncc  nl  the  equator  the  value  nf  ^  is  978.0  cm./sec.',  or  the  weight  of 
hody  having  a  ma»s  nf  1  g.am  is  978.0  dynes,  it  follows  ihnt  if  the  canh 
were  at  rpsi  ihc  weiglic  of  ihc;  btxly  would  be  981.4  dynes. 

.\t  the  poles  ihe  wciKhl  of  n  body  is  uuaflcclcd  by  the  rotation  of  the 
e.inh,  and  hcitre  g  is  iinl  diminished  on  this  account. 

.'\cco[din^'  to  Hdmcrt,  ibe  vahic  of^ai  a  place  in  latitude  ^  and  at 
ihe  sca-levcl  is  given  by  the  equalion 

;f  =977-989(1  4-00053  »in  *^)  CTO./»CC.*, 

of's 33,0862(1  +0.0052  sin  *^)  (bot/»ec.*. 
The  following  table  gives  the  value  of  j,'  at  a  few  places ; — 


H 


Uulliido. 

VaUwoT/in 

Cm,,nec*.             Koot,»oc.^ 

Equator 

0 

WiZ 

31.085 

Latitude  45*  . 

4S' 

33-172 

I'aris     .... 

4!f5o' 

98A96 

3^-184 

Greenwich 

5I=J9' 

9.^1.17 

3s.igi 

Berlin   .... 

5»  30 

981.55 

32-194 

Dublin  .... 

S3'>r* 

981-31 

33.196 

Manchester  . 

S3  If/ 

981-34 

33.196 

Edinburgh 

Aberdeen      .        <        . 

%'i 

981.54 
981.64 

33.30t 

33.106 

Pole      .... 

Vfd 

983.31 

33.258 

1  Ihe  SI 


117.  Gravity  Independent  of  the  Mature  of  the  Matter.— The 
quantity, fin  the  expression  luuml  in  S  "3  *"■■  '^"^  '"ne  of  vibiniion  of  n 
simple  pendulum,  cxpreues  ilie  accclcraiiun  with  which  the  bob  would 
fall  in  Viiaia  under  the  influence  of  the  earth's  allraciion.  For,  in 
obtaining  that  fonnula,  u-c  called  the  force  with  which  the  catth  attracts 
the  bob  mj^  ;  in  other  woidi,  we  have  measured  the  force  by  the  pioduct 
of  the  mass  of  the  hixly  into  the  ni-celeralion  it  produces.  Suppose, 
however,  that  equal  masses  of  two  diflerrnt  ^itlistancc*.  say  brass  and 
»tone,  as  dpfin<Mi  .nccording  to  Nt'wion'-i  second  law  (see  S  6f>',  arc  not 
Ci;ually  atlr,irlrd  by  the  earth,  so  thai  the  },'r:ivita(ionat  fotce  between 
two  bodies  depends  noi  nnly  on  their  mass,  hui  on  ilie  niilure  of 
Ihe  substance  of  which  the  bodies  are  formed.     Uniier  these  circiun- 


Utuwna4  GravitatieH 


■canoes,  tho  valus  of  ^  obt^ncd  by  pendulum  ob»crvu(>uns  fmm  the 

would  ilcpcnd  on  ihc  nnturc  of  llie  material  ofwhii:)!  the  p«iKluIum  bob 
is  fonnctl.  That  such  a  ditTemice  niinlii  quite  well  be  es|)etii-<l,  ■•ill  be 
seen  if  we  lYinembcr  ihai  cqtia)  masses  arc  defined  to  be  such  that  a 
given  force  pirK]ucct  in  ihcm  eqinl  accdcraiiotis,  uliile  in  llic  wise  o( 
Buny  other  ciitcs  of  attraction  exerted  between  bodies,  such  as  ihc  force 
exerted  o«i  a  body  by  a  ma^et.  ttie  inaKnituik  of  ihc  force  depends  on 
the  nature  of  tlie  material  of  nhitli  ihc  body  i»  composed. 

The  first  to  invcttii;nie  wheibfr  the  maghi  of  a  body  was  proporiionat 
to  its  nuM  was  Newton.  He  employrd  in  the  first  place  two  pendulum:; 
of  the  same  length  (0.  a"<l  IwinK  bobs  made  i>f  the  iainu  material  but  of 
different  nnis  (mi  and  '"^  S'^ppuse  g^  and  g^  are  llie  accdcraiions 
which  the  carlh't  ailiactioa  would  produce  in  llie  masses  m,  and  m^ 
Tespeciivcly,  then  llie  lorce  (/',)wiih  which  the  earth  aitr:)cts  llic  5rsl 
mass  is  iia,f„and  llial  (/*i)  with  which  it  attracts  the  second  mass  is 
—%gt     Hence 

CI]  M) 

But  by  the  law  of  the  simple  pcndulnm 


X\ 


.*;;;'and^,= 


where  /,  and  /,  are  the  periodic  times  of  llic  pendulums. 
-exptessKMii  for^i  and  for^'t,  •>«  get 


Equating  the 


Hence  xf,  as  Newton  foiuid  was  the  case,  the  periodic  times  of  ihc  pc» 
[  jukitBS  are  iltc  Mmc,  >>.  \i  Ix  —  I^  then 


^.-S 


M, 


or  C'-"^. 


■waA  therefore  the  force*  exerted  by  ilic  earth  on  t»xi  bodies  of  the  ume 

!  maienat  0>.  the  weishisl  are  to  one  aiKiiher  as  tbe  master*  of  the  bodies. 

Newton  thcii  prucei.'dcd  lo  eaperiincnt  with  pendulums  the  bobs  of 

whicji  were  made  (if  difTcreni  nMUerials,  bat  wtikli  were  all  of  the  same 

IrDjnh,  ami  be  was  unable  to  <)ctecl  any  difTercncc  In  ihr  periodic  times, 

sii  that  ibe  >ahie  of  g  was  ihi?  same  whateter  the  ijiaierial  of  the  Iwb, 

■  These  c>|ierin>ents  were  afleru'ardi  repeated  in  a  iiiU4-h  mure  accurate 

'tRBBBCt  by  ltr:ud.  tn  iSji.     Ilestel  uied,  us  the  liob  of  bis  pendulum,  a 

hollnw  brass  cylimlcr  which  trould  lie  filleil  with  the  ditfereni  maleriaU  td 

be  tested.     By  this  ntcans  tlie  cffecl  of  the  rcii^lancc  of  the  air  on  ihfl 
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lime  nf  nscUlation  or  the  pcndutuiii  reinuincd  (hi  same,  since  (he  surfaot 
of  ibc  bob  wns  the  s.-unc  in  all  the  expcrinivntK. 

DcssrI  fnunil  ihnt  the  vaUics  at  g,  a«  dcieTmtned  «iih  pendulums  of 
brass,  but  ofdiRercnl  masses  or  wiih  pcudulumt  of  viuioui  iiinterials, 
such  as  iron,  rinc,  Icail,  silver,  gnW,  meteoric  iron,  ninrble,  qii.trli,  water, 
&c.,  did  nui  diflei  one  from  another  I))'  iDotc  Than  abuiii  I  |>.ir(  in  70,000. 
l{e  ftirlber  ihonvd,  by  maliin^  icpca(cil  ohMrn-atiuiis  uiili  the  same 
pL-ndiiliim,  thai  the  diffcrcntcs  ubUiineil  were  irf  about  Ibis  iiiajiniludc,  so 
that  such  stiirI!  variaiiont  in  ihc  value  alg  as  were  ol>lained  rou^I  be  »et 
down  111  cipciimniinl  error. 

il6.  The  Pendulum  as  a  Measure  of  Time.— The  propctiy  or  the 
peiiduhitn  ihac,  so  loni;  as  the  i-naxinnini  amplitude  is  small,  tlic  period 
of  vihratioti  is  independent  of  ihc  amplitude  of  the  vibrations,  has  re- 
ceived a  mos(  impoiiant  practical  application  in  the  cinploymeni  of  the 
pendulum  in  the  Die»!iutement  of  linie.  in  oidcr  to  employ  a  pendulum 
as  a  (iinckee|)er,  n*c  icijuirt  to  stipplcment  ii  hy  some  incdianisni  which 
iikil),  in  ibe  titst  place,  count  (he  number  of  uscillalions  of  the  pendulum ; 
lUtd,  in  ihc  second  place,  keep  (he  pendulum  swinging  liy  supplying 
cnouiih  cnen^  to  allow  for  the  eneiKy  which  ii  loses  in  friction  al  its 
point  of  support  and  SKaini^t  ihc  air.  'i*hc  iierr>^'^.^ry  energy  is  stored  up 
in  a  r:»J!cd  woij,'lii,  a  ImmiI  spring,  or  an  electric  haitery,  and  is  doled  out 
10  ilie  pendulum  at  the  proper  r;ilc  by  the  meclianiim  which  is  employed 
lo  count  the  oscillations,  and  which  is  called  llie  escapement.  Allboiigh 
sp;ice  will  nol  pcniiii  of  describing'  the  fonns  of  enapcnK-nl  in  Kciicml 
uic,  we  iiiny,  by  a  considcmlion  of  the  laws  of  the  pendnhim,  tirrivc  at 
iho  rharadeiistic  which  should  distinguish  a  good  escApcmenL 

Suppose  ihiu  a  penduhiD)  oA  (Fi^.  8c))  is  sMin);ing  so  that  It  and  i> 

an  tlie  positions  of  niaximmn  elonjjaiion,  and  that  at  the  nion)ent  when 

l)ie  pendulum  is  passing  ibrough  its  posiiiun  of 

test  (Al,  inoviii}-  from  right  to  left,  we  (jive  Ihc 

bob  a  sudden  blow  in  ihe  direction  of  ihe  arrow. 

The  result  will  tie  that  the  pendulum  will  slarl 

its  clongaiion  on  the  left  side  with  a  greater 

velocity  than  it  would  otherwise  do,  but  it  will 

reach  lis  new  position  of  maximum  eloii^alion 

c  in  cxacdy  the  same  time  ai  it  would  hai-e 

reached  its  old  position  of  maximum  elungalion 

B,  since  we  have  only  increased  the  amplitude 

L,0  of  (he  vibrations,  and  the  lime  of  vibration  in 

Q    C  indepcndeiii  of  the  snipliiudc,'     Nevt,  suppose 

A  lh«t  the  blow  is  delivered  when  llic  pendulum 

Frfl.  89.  '*  •■"  ''*  position  of  maximum  elongation  tx     1( 

will  now  move  from  I)  »iih  the  velocity  it  would 

have  had  if  it  had  cnme  from  some  point  such  as  R,  and  will  (beiefore 

■  'ilie  xinpliiude  Mng  of  eoiirv  tinall,  and  nMhiiijc  like  as  larijc  At  tliu  »hown  ia 
the  figure. 


S"9] 
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reach  iia  poiiiian  ti  xrM  a  in  l«si  than  n  <|uancr  period,  far  it  h.u  moved 
from  its  position  of  mjxiinam  elon|{ai>un  D  ta  i(»  poiitlan  of  rest  A  vith 
•A  velocity  jnvatei  than  it  vould  nntiirally  possrsf  suppose  nn  blow  had 
been  Mruck.  The  cflcci,  therefore,  of  miking  the  pendulum  a  hlow 
when  at  i>  i»  to  shottcn  its  peiiod  of  vibtaiion  for  the  next  quarter 
period.  In  l]»e  same  way,  if  the  blow  bad  been  »liuck  in  the  oppuaiiu 
direclion  it  oxiuld  have  teurded  the  moiion  of  the  pendulum.  Thu>  ii 
can  be  tbou-n  ilut  if  n-c  stiempi  to  keep  up  ihe  movement  of  the  pendu- 
loni  by  Hipplyinjt  it  with  rncrgyi  *e  niuii  only  do  this  wiien  it  ii  pacing 
tbtoujfh  ilt  position  of  rest,  for  if  we  intctfcrc  with  the  fiue  imins  of  the 
pcndiduiiidurint;anyother  part  of  its  swing  the  petiodofihe  itertdu turn  mill 
beJiflecied.  H<.'n<.-c  a  good  escnpcmeiit  \s  so  arran^^ed  us  to  giic  .1  small 
unpube  to  tliv  pendulum  cnch  time  it  passes  through  its  position  of  rest,  but 
to  allow  the  jiemiii!iiin  to  tncn-e  tjuite  fiecly  during  the  leii  of  iis  »iving. 

119*.  Blfllar  Penduluin.—If  a  tit;id  l>ud)-.  such  as  a  tncinl  bar,  ab 
(Kig.  90),  i»  smpcnded  by  means  of  twi>  strinifs  ci>  and  KF  of  etjual  length 
/,  so  that  the  ccnltc  of  gravity  G  lici  between  A 
and  B ;  iIko,  so  litn;:  as  there  is  ni>  lonion  in  the   _C  E 

Rispcndinx  strinKK,  ibc  bar  will  lake  up  a  posi- 
tion of  oqiiilibtiiim  such  thai  <;l>  and  v.v  arc 
both  in  the  MDie  vertical  ptaiic.  Such  an 
ananicement  is  called  a  bifilar  pcitdulun),  and 
when  the  bar  AU  ii  tiristed  alxiui  a  verticil 
axis,  il  will  be  BCIcd  upon  by  a  roiiple  tending;  10 
KWore  it  to  its  pmiiion  of  rest.  In  order  to  hod 
tbo  numniiude  of  the  resiotinK  couple,  we  vill 
Mi(^M)»e  thai  CK  U  espial  to  iif,  i^.  that  wlien  the 
bsr  is  10  its  poution  of  c<itiilibiium  the  suspend*    ^ 

ing  lUins*  are  paialleL     further,  wr  ilull  luji- Ar»-'^'"  .-■•' JIB 

]»isc  that  tlie  centre  of  gtiivity  of  tlie  bar  lies        ■""'     " 
exoclly  lialf-my  between  V  aii<l   P,  so  that  half  pio.  ^ 

llui  weight  \4  the  bar  it  carried  by  each  siring. 

If  then  ibe  tnaas  kA  the  bar  is  m,  wc  may.  if  m«  like,  conwitcr  that 
w«  hare  lira  nuiscs,  each  ctiual  to  m]i,  one  at  i>  and  the  o;hcT  at  v, 
■nd  that  tbey  are  rigidly  connected  h>'  a  vrighikM  t«<I  nr.  Lei 
■his  nid  1>F  (Fig.  91)  lie  IWMted  through  an  ancle  &,  so  that  each  of 
ifarD  fiuspmding  ihrcatdt  now  makes  an  nnj.'le  ^  whh  its  former  poii- 
llnB.  Consideiini;  one  end  only,  tct  CU  (Fig.  91]  be  the  undisturlted 
positimi  vi  DiK  oJ  the  MUpeoding  threads,  and  {.'t>'  the  di^iuibed  poailiun. 


Then  we  ham 


This 


forc«  of  —g  Aclinsr  at  [/  v«nka)ly  downward*. 

furcA  must  be  reaah-cd  horiionlally  and  ak>ng  m'  prudciced.      In  the 
triangle  ti'KH  llie  angk  P'tiK  is  cqnal  lu  ^     Mence  the  component 

alunii  U*.  U  equal  to  ""f?.**  -"jf  tan  A, 
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This  force  acts  along  I»iDi'  in  the  right  hand  part  of  the  figure, 
which  represents  a  plan  of  the  arrangement.  Therefore  the  moment  of 
the  force  about  G  is 

m 


But 


.^tan  ^.GK. 
CK=  l\G  cos  -  =  ^  cos  -. 


where  a  is  the  distance  df  between  the  suspendin^r  threads. 


FlC.  91. 

Hence  the  moment  about  G  is 


Fig.  ga. 


tnga B 


cos  - .  Ian  I 


Now  tM  A  =  ^=ii^=^-^''i'=.llilnj,  and  for  small  deflections, 
ti    _CL         CI.         CL 

i.e.  small  values  of  ^,  CI,  is  very  nearly  equal  lo  CD,  i  c.  !. 

Hence  the  restoring  moment  is  equal  to 

men-    ■    B        0 

—    ,    sill     nis    , 

4/22 


or 


W/ifd-    .       ,1         .  ■      ll  On 

-;?-,    sin  0  ;  smce  2  sin      ciis     =sin  9. 
8/  22 


Therefore  the  total  restoriiij^  linjiiicnt,  taking'  into  ;it<:ouut  the  I»o  ciuls, 

is 

■-—  sm  0. 
From  this  expression  \\c  sec  ihal  the  moment  of  ilie  restoring  finres  is 


$.«) 


Tk<  Ba/listu  PeHdulum 
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proportioiul  10  Ilie  sine  of  \\\t  angl«  of  dclI«ctioD  (9) :  Iw net,  jusl  as  111 
ihc  case  of  ibe  Nitiplc  peiululuin,  »o  long  as  G  is  uuall.  and  tlwrcforti 
\\a  a  prncticAlIif  proportional  lo  9,  Ilie  lysiein  will 
execute  o«cillAlioDs  which  fonn  a  si:np!e  bitiuionic 
tnoiion. 

Tbe  bifiUr  pendulum  can  n1to  be  used  to  mea- 
sure expcriinenially  ihe  momrni  of  x  couple,  for  if 
tbe  coaple  produce  a  twist  of  &,  tlvcn  ibe  moment 
i»  pven  by  the  ciprciiioii  found  abore. 

120.  Balllstie  ^nduliun.— Suppose  ««  have  a 
heavy  block  a  {Ti%.  93)  of  ma»  M  suspended 
by  A  thread  of  Icnuih  /  ftoin  a  point  o,  and  thai 
a  bullet  of  mau  m  nxwing  in  a  horizontal  diieciion 
•fitb  a  upecd  v  Miikei  A  opposite  its  cenito  of 
osdllaiinn,  and  sinks  into  tbe  block.  Front  what  Ims  been  Mid  in  jj  114, 
il  follows  that  under  ibcsc  cirt'uni»iances  tlie  block  A  vill  mo\-c  in  a 
circki>-ithoascentte,aiidwilI  nut  beset  into  lotaiionabotii  a  vertical  axis. 
Let  B  be  the  iiiaximLim  etonx^tiun  of  the  blutk,  tlieii  Oie  work  done 
aguintt  gravity  wliile  the  block,  wilb  the  bullet  imbedded,  haa  moved 
from  il«  iKHJttoa  of  rest  10  its  nutumum  elongation  ia  (.V+mlf  ■  CA. 
nut  CA-OA-OC-/(i-cosO). 

Heace  the  wortt  done  ag.iiu^t  grat  ity  is 
/^i -«w  tfX  ■"+«). 

Now  if  V  i»  the  velocity  with  whicli  ihe  block  and  the 
imbedded  bullet  move  immediately  after  impact  we  liave 

Hence  the  kinetic  ciKftiy  of  Ibo  block  ftitd  bullet 
I  iotmediaidy  after  iitipi*c(  Is 


i{.V+»f)r' 


mV 


E<|aalmg  the  two  expretitonf  u>c  have  found  for  the 
energy  of  the  Mock  and  imbedded  bullei  we  gel 


B 


/ 


Fw.  W. 


W-' 


,/vA'  -«w  ^ 


■  that,  by  olMerving  thcanf-le  0,  the  velocity  of  the  hidlel  wlien  it  urodc 
^l&e  Mock  can  be  dkuUted. 

tn  Older  lo  pm*ent  tlic  poMtibilily  of  the  block  lieinK  (et  in  rolaticm, 
■nd  hence  tbe  utitisitiun  of  p;irt  of  the  kinetic  encrfty  of  tite  Indlel  in 
teitln),*  up  this  intation,  it  is  usual  to  suspend  it  by  eight  strings  as 
■bnw  in  fig.  94.  When  thus  suspended  the  block  itself  cannot  be  set  in 
nunoii. 
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CHAPTER  XV 
PROPERTIES  OP  MATTER 

12J.  General  Properties  of  Hatter.— We  have,  in  §  :,  dei^nec] 
mailer  as  that  wliicli  can  octupy  s]:a(;e,  and  in  llie  subset|ucnt  pnjjcs  wc 
have  dealt  willi  ccrlniti  of  llic  more  K*itral  propcriics  wliich  inaHcr 
possesses,  'I'hus  wc  fiiKl  thai  mailer  always  exisls  in  n  dpliniie  qii;\nlity, 
BO  Thai  wc  say  th.ii,  a*  far  as  wc  are  able  to  tcll,(tTeiy  body  has  a 
deliiiiie  iii.'i«^  Another  ptopcny  of  matter  which  is  qiiiic  general,  iK'iny 
tiliared  by  all  kinds  of  mailer  alike,  is  txlensiert,  /.r-icvery  (liece  of 
matter  must  occupy  some  deiiniie  volume  of  space^aiid  m  fact  we  have 
used  this  property  lo  deRiie  inaltcr. 

Aiioihcr  ptti|>cily  of  matter  intimately  related  lo  the  last  is  thai  of  im- 

fEoetrabiiiiy.or  ihattwo  portionsof  matter  cannot  occupy  ihc  same  spiic^ 
mcc,  Stm-ever,  undir  ccriain  circu instances,  the  vohimc  of  a  mixture  of 
tvfo  ktnda  of  mailer  i*  &uiTieltme&  leas  luid  somclitues  grcaler  tlian  ihc 
sum  of  the  volumes  of  the  t«'o  foiistituents,  we  arc  obliged  ti>  iotroducc 
ceitato  reatriciioiis  into  the  statement  that  matter  is  impeneiraltlc. 

If  joac  of  alcohol  is  mixed  with  50C.C.  of  water,  the  volmnc  of  themix> 
ture,  instead  of  being  100  c.c.,is  only  nhnui  ijyc.r.  It  would  thus  appear 
that  the  water  and  alcohol  are  able  to  a  certain  cxtcni  lo  inierpc  net  rale. 

(Wc  may,  however,  reKard  matlcr  a*  built  up  of  a  nnmlwr  of  small 
mntfcs  railed  molcrules,  and  Kiip|>oke  thai  even  in  the  case  of  a  solid  or 
liijuid  lliese  molecules  arc  not  in  actual  coniact,  liut  that  iheic  exist 
interspaces  which  aie  imt"i!!ed  by  matter.  ThuSi  alihoiigh  the  molecules 
may  lie  rigorously  iiiipentlmble,  ycl  under  certain  circumstances  we 
may  suppose,  cither  that  fteih  iticileculei  can  be  patktd  In  the  intetsltces, 
or  ihiil  tlic  nmlctulc*  can  be  packed  closer  together,  and  Iience  the  volume 
of  ihc  body  a*  a  whole  may  lie  rediirrd.  j 

V  That  hodirs  in  general  arc  porotis,  i^.  that  there  cuisi  pores  or 
channels  in  bodies,  which  lo  tlie  eye,  and  even  in  some  case*  under  the 
liighcjil  powered  microbcope,  appear  t|uilc  solid  and  impenioos,  is  c>'i- 
dent  by  many  expcriraenls.)  Thus  Hncon,  when  he  allenipted  lo  tompress 
water  fiy  si|iieeimK  a  lead  tphere  filled  with  water,  foim<l  thai  Ihc  walcr 
exuded  through  the  poret  of  the  1e;id  and  iiood  in  beads  on  ihe  surface. 
In  ihc  somcwhai  more  famous  Ci:|wrinienl  made  by  the   Klorcniine 


Srri] 
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Aciulcmicuinx,  in  whirl]  ihc  wntnr  mas  cncloied  tn  ihe  fini  pl.ice  in  n 
silver  tpherc,  nnd  ihcrntficr  in  3  silver  sphctc  wliich  bad  been  tliiclily 
^■tldcd,  iImi  Mine  rntiti  was  abuincd,  the  waicr  p^ung  through  ihr  silver 
and  Kold.  Iii  a  laier  Mciion,  wlien  dc.-iliiig  wiili  on»Diic  pio^siirc,  wc 
stiall  see  «hai  iwe  uwy  be  mailc  of  tlie  puro^i)'  of  certain  mnierials. 

tAnotber  propetiy  of  nintter  ii  diviubiliiy,  that  Is,  all  such  portions  of 
■natter  as  wc  arc  an|u.iintcd  nilh  ran  be  subdivided. 7 The  inieieat  uf  ibc 
•tudy  of  Uii»  propctty  of  matter  arises  when  vrc  innsidcr  u-hctber  it  would 
be  poviiblc^  upposinf;  wc  had  suitable  mcan^  In  continue  subdividing  ft 
given  piece  <rf  matter,  say  %fAA-,  indefinitely,  or  wtietlier  ire  should  finally 
MriveatiiiKhs  condition  that  ifu-c  subdivided  Ibc  excesMvclyinimiic  piece 
of  goM  under  test,  the  porliuiu  uuuld  no  lonjier  poviess  ihc  properties  oj" 
HoJd,  bol  be  sonie  new  kind  uf  mailer  of  which  we  may  ronsiiler  %<AA  to 
be  built  up.  Cons idc rat ti>4ii  of  the  rrUitiuns  liclween  the  quantities  of 
dii&rent  kinds  of  matter  which  aic  ft>und  by  chemical  an3l>'&i»  to  build 
up  all  known  compounds,  Kcm  to  point  conclusively  to  the  conclusiua 
Ihai  matter  \\  not  infinitely  divisible,  but  thai  wc  should  finally  arrive  at 
Ihe  ultimate  particle  of  the  given  kind  of  mailer,  so  that  if  wc  did  suctrced 
io  cartytiif;  the  ubdivision  any  further,  «c  should  no  longer  have  this 
tdnd  of  RHtter,  but  ilioidd  have  split  it  up  into  iis  coinponcnis.  (KeiKe 
wc  (oppose  that  (i>r  every  kind  uf  matter  tliere  exists  tome  ]Kirttclc  which 
b  the  smallest  that  can  possibly  exiu.  ) 

Ahhoagh  we  cannot  hope  lo  prepare  such  nn  iiliimnie  particle  by 
jibyucal  sobdirision,  it  is  interesting  to  note  vimc  of  ihc  examples  of 
e\lreme  icnuily  nhich  have  been  obtaiivcd.  Oniinary  ^'old-leaf,  which  Is 
pre^tnl  by  bealin);  out  a  ainali  nodule  of  gold  between  two  pieces  of 
skin,  hu  a  thickneu  of  about  i,'jix^ooq  inch,  or  U.jx  10-" centimetre  ; 
and  Faraday  has  shown  that  the  thickness  can  be  very  inucb  further 
ndnoed  by  iinmcising  it  in  cyanide  of  iKiiaisium,  winch  dissolves  the 
>ut£tce^  li  has  licen  found  possible  to  rule  parallel  lines  00  a  polished 
piece  of  glass  ai  a  distance  of  ii'ioo/wo  inch  (io~>}or  2.5x10'*  cenii' 
metre  from  one  another.  Hy  mcltinjc  a  small  piece  of  tpiani  in  an  oxy- 
faydrnKen  blawpi|>e,  it  ts  possible  lo  prepare  threads  of  quant  having 
■  diameter  of  less  than  a  hundred  ihousandih  (io~')  of  nn  inch,  or 
J.;  X  10"*  ecntiineti*. 

Tbc  whole  ictence  of  chemistry,  as  far  at  any  rate  as  11  is  a  qnaniita- 
tive  science,  i<  based  on  tlic  siip]>usiiion  lluii  by  no  possible  mean*  can 
llw  qianiiiy  of  mniier  be  altered,  so  iliat  if  the  mass  of  ibe  matter  wiihin 
a  ftvto  Space  is  found  m  a!icr  it  must  be  due  to  maitei  having  passed 
ima  at  Mil  frum  [he  ^wvw  space  through  ils  Inundary.  Chemistry  also 
tcncbc*  lliat,  as  far  as  ihc  elcirtrnis  .tie  concerned,  the  quantity  of  Attvi 
ckmenl  io  any  )[i>en  ipace  cannot  be  atteied  cicepl  by  the  intruductioB 
nr  wtttidrawal  of  such  ricmcnt  iliruugli  ilieboundary  of  tlie  spare.  Hence 
■natter  is  taid  to  Ik  tmhuiiuctible,  i.e.  we  can  neither  create  It  nor 
iUainiy  it,  nor  can  wc  convert  one  clement  into  another.  ) 
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The  fan  ihat  Ncmon's  firet  law  of  m«»on  is  fouDd  10  apply  to  *I1 
kinds  of  inancr  shont  thai  inc'riia  \%  one  of  ibc  Krnnal  propcittcs  of 
motter.  The  univcrenl  iruih  of  Newion's  Uw  of  ^ratiiaiion,  or  the  fun 
thai  «i  the  surface  of  il>c  canh  all  manor  po»«sies  weighi,  oonstituics  a 
property  of  matter. 

Id  addition  to  the  .ibove  propeitie*,  which  are  common  lo  matter  in 
atl  its  form*,  nnd  are  theiefore  cjitU'd  genend  prapcnies  of  matter,  tltcrc 
are  other  pmprnict  nliich  may  he  quite  diflercitt  (or  tlic  diflrtrnt  kind* 
of  mntter,  or  for  the  miivc  kind  of  niaui-r  when  it*  surroundinjfi  or  stale 
are  different,  and  me  ("on^e'iiiently  Ciilkd  coniingen)  properties  of  n»a iter. 
We  &liall  conndur  iIicm  pTtipcrtir4  in  the  appropriate  sections  under  tl>e 
Iteading)  of  sound,  lijjht,  Jtc.  where  il»c  group*  of  pIx-niMiKna  depttnding 
on  each  particular  pr^>erty  are  dealt  with. 

122.  ElasUeltf.-^SVhen  n  lystem  of  forces  acts  on  a  portion  of  matter, 
although  they  may  not  produce  any  mfliton  of  the  Indy  as  a  whole,  j-ct 
Ihey  may  produce  a  displacement  of  the  rariou*  partirlcii  of  the  Ixidy 
r«1ai>vely  one  to  ibc  others.  Surh  a  relative  motion  of  ih«  difletcnt 
portions  ol  a  body  is  called  a  strain.  \  In  the  preceding  pa£«s  when  <l«al< 
iag  with  llie  action  of  forces  on  a  boSy,  we  havcMipposed  the  body  to  be 
rigid  ;  Ihni  is,  we  have  supposed  thai,  however  grcai  iltc  forces  aciing  on 
the  hody.  they  di<l  not  prrtituce  any  strain,  llie  stitiject  o(  the  strtiins  pro- 
duced in  ditTrrent  kinds  of  matter  under  various  comlitions  can,  in  such  a 
n-ork  a«  the  presrni,  he  only  dealt  with  in  a  very  nidimeniat^-  manner. 

Strains  may  be  divided  into  i«vi  clnssen, .iccording  as  la  wheihcr  they 
conust  of  a  cliaitgc  in  volume  of  the  body  or  a  change  in  sliape. 

When  a  liody  is  sirained  bv  the  applicaiion  of  external  forces  it  in 
general  resists  the  strain,  force*  being  called  into  play  b>-  the  rr-lattve 
dbptacement  of  its  parts  icndiii);  to  cuum-  it  to  rvium  (o  its  nouraincd 
coiiditinn.  (_Thit  restoring  force,  called  into  play  owIjik  to  the  sirain, 
if  called  a  /tmi.) 

It  is  imiwnam  lo  i>«e  that  the  magnitude  of  the  stress  imlitced  in  a 
body  ts  not  necessarily  alirays  equal  in  that  of  ihe  forces  applied  to  pro- 
duce the  strain.  Tims  ii  requires  a  cnnsidemble  force  to  deform  or  stnun 
Bucha  body  as  a  lump  of  moist  cUy ;  (Mil  if  the  cxiomal  forces  are  nmmvetl, 
there  is  no  tendency  for  the  clay  to  regain  its  former  shape.  IC  however, 
the  deformin}-  forces  strain  tl>e  body  till  the  streM  iiMluceil  is  Mch  as  just 
to  prevent  fnrt her  strain,  then  a  state  of  r<|tiilibrtuniiritl  lie  set  up,  and  tbc 
stress  win  be  exactly  equal  .nnd  opposite  to  ihc  defoimina  force.' 

{  A  body  which  oflirrs  n  iire»s,  tcn<|in);  10  restore  the  body  to  its 
nrieinal  condition  when  it  is  strained,  is  said  lo  Ik  elastic  or  to  poQi^tt 
clasiitLiy.' 

I  A*  «»  tte3  onlr  lira!  with  Ibe  <Bsn  whim  a  Minliied  body  Is  In  a  Mai*  tf 
niaillbrliuai.  ilie  ihrorwHic  fanr*  will  iiwa,jt  l»  eqaa)  anil  itppntoii^  to  llw  sireM  caSM 
into  pUf,  HenR  U  um  drcanilocaDiHi  W  me  Me  ilv  mm  ttma  %a  indicate  tiM 
diAnniBC  fiitixs. 
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Elasticity 

I  A  body  in  which  chnnge  or  voltnne  calk  mta  play  n  stress  b  said  to 
have  vclumt  elailicily. 

'A1XHl>-in  nhich  chnngcoftliapc,  without  clianKO  of  volumci calb into 
play  a  itrcss  is  saWI  lo  [hmmss  rigUiiy.  ^) 

Tito  cUstidij-  of  a  tHxIy  \i  tncasurcd  by  llw  ratio  of  ibe  stress  pro- 
duced by  a  ipv«u  sliain  to  tint  slraiiii  or 

ElMlkhy-?^. 
'     straw 

Th«  quMtioii  ss  to  how  ilw  strain  and  strMS  have  to  Iw  meaMired  in 
diller«n<  <-»>>(;»  i»  [MiMponcd  till  we  (oino  lo  consider  in  gicairr  dctJiil  iI;g 
properties  of  the  various  fonns  of  nwtier, 

12S.  Slates  of  Matter.— For  the  jnirposes  of  sabdivistofi  we  may  say 
that  matter  rxiMs  in  three  itiitinct  siiilci,  the  solid,  ihe  llituld,  and  ihe 
Eatroiit.  In  addilion,  however,  to  slates  whiirh  fnlfil  ttie  definition!  of  a 
solid,  a  liquHl,  or  a  gas  whkh  we  ^nlt  nii-e  later  tm,  it  wilt  be  focind  ili:it 
there  are  intemiediaie  states  whkli  bridge  over  the  tDlennl*  betn-ecn  the 
sulid  and  the  \w\\x\A,  and  ilic  liijkMd  and  the  ■ga.s.  A«  an  crample  of  the 
kind  of  gradation  which  exists,  we  may  take  the  folhming  :  «««l,  lead, 
wax,  cobbler's-wax  (whiih  will  f1i>w  like  a  Kquid  if  allowed  stilficient 
timcX  ircaclc,  v'atr)',  ether,  liquefied  carlKin  dioxide,  steam,  Mi'jihnr 
dmiiic,  .lir,  hydrogen.  In  addition  there  is  the  criiiral  state  «h(-n  a 
sul}STani.-c  is  to  all  intents  and  puipobes  lioth  a  liquid  and  a  gaii,  and  the 
stale  of  extreme  nirefii!alion  of  a  );.is  whi'Ch  is  (•)< net intcs  rolled  tlierjMJiant 
State  or  "  fourth  stale  '  t>f  matter. 

Wc  nuy  dcBne  a  s»lid  as  n  portion  of  tnalier  which  is  able  to  uippoit 
B  Mendy lonKiludinal  ttrcst  niihout  laietnl  support.  Inconlradistinclion, 
A  portion  of  inaiicf  which  is  unable  to  support  a  steady  kin^'iiudinal  stress 
without  laierii)  support  ■>  calleil  a  fluid. 

If  ur  t.tke  a  solid  body,  vay  a  lead-pendl,  then  wc  may  spp^y  a 
defomiinif  forrc,  ciiher  of  oomptpssion  or  extension,  in  any  direction  to 
the  pencil,  Bn<l  tliere  will  h«  a  cetiain  amount  of  sirain,  either  elonijation, 
compression, or  bending  produced,  tihich  will  call  into  play  a  siress  ihal, 
so  loni;  as  lite  defotmin);  force  is  not  too  ^reat,  will  be  in  equilibrium  with 
this  force,  and  thii  stress  will  be  produced  witboul  llie  biKly  bcint:  sup- 
potted  in  any  way  m  a  direction  at  rtjiht  anftles  to  that  atocis  which  the 
stress  acts.  In  the  case  of  a  fluid,  such  as  water  or  air,  we  arc  unable  to 
exert  a  stress  in  il,  and  lienre  ptodme  a  T^orrespondJiij;  sitaiii.  utiles'^  h« 
supply  tome  ronstrainini;  l>'>uiidar>*  which  shall  piettnl  the  fluid  swelling 
out  al  rixht  kokI^s  lo  the  line  irf  arlion  of  ihc  stress.  Tims  if  we  have  a 
Huid  enclosed  in  a  cylindrirnl  lube  between  two  pislons,  ibrn  wf  luay 
apply  ft  deforming  force  lo  the  fluid  either  by  forcinn  d>c  pistons  towards 
one  atMHhfT,  or  bj-  |Mllling  them  apart,  In  one  cas*  proiluirinf;  a  com- 
pn-Hsion,  and  in  ibc  other  a  tension  in  the  diietlion  of  the  aiis  of  ll>e  tube. 
and  n  stress  wITI  in  both  rases  lie  ttroduccd  in  an  opposili-  ditecllun  la 
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thf?  applted  force.  If,  liowcv«r,  pari  of  tlic  wall  of  lh«  tube  briufcen  \\x 
piuutis  Is  removed,  docI  ««  llien  aiiPinjn  to  appty  sircis  (o  tlw  liquii],  we 
sbiiil  n»E  !ii)ccec<l,  liir  eitlier  ihc  liquid  will  flow  oat  ilm>n;^h  Ibe  gap  in 
the  ttibc,or  airnill  be  Kuckctl  into  ibc  tube  ilimit^  thii  opcninj;,  and  ihe 
flj'ul  ivill  rcmnin  unsiniincd.  It  i»  onl)-,  tbcrefoTr,  when  ihc  column  of 
flui<l  U  I.iiRmlly  Riippcinc<3  by  the  -KiW*  of  the  tulK  that  it  is  cnp-iblc  of 
exciting  .1  lon^-iiudinnl  Mms. 

Fluirls  nrc  tlividccl  into  liquids  nixl  ^awa>  A  liquid  is  ft  (Iiiid  &udi 
ttiat  wlim  ft  certain  votumc  is  iiitr<><liiicl  into  a  t-c«ncl  of  Krtater  volume 
it  iHiIy  occtipici  a  potiioit  of  the  vessel  (n{uuI  1<i  its  own  volume.  A  gas 
is  ■  (liiid  &uch  t)i;il  if  a  cerMiiii  volume  is  mlroduccd  into  a  veaitd,  ibcn, 
wli.([i-\'er  lli«  volume  of  iIm  v«:»d  tiiay  be,  tlie  got  will  dblriliute  'itsetT 
tlirouf^hout  l!ie  vessel. 

124.  The  Constitution  of  Kattar.— The  qucxtioa  sa  to  ibc  linite 
divisibility  of  m;i(lc-r  ha:;  bw^n  rcferrwl  to  in  S  ui.  The  ibenry  ih4t 
niuiicr  ix  n»i  infiniicly  tlivitibtc,  but  that  ci-cry  body  is  miule  up  of  sniall 
indivisible  pans  cilled  atoms  (from  Srapitt)  is  one  of  cxlricn>c  nnliquily. 
At  ibcpreicnt  day  this  ihcorj-i-.  (;<MM;ni!lya<:cq>icd,i»ndwcaift  hence  led 
to  consider  vlHt  b  the  nature  of  thete  .iionit.  In  cbcmisiry  ii  ia  usttid 
to  app'y  the  letni  molecule  to  the  sniallrii  poition  of  any  kind  nf  iitattfrr 
whidi  can  cxiii  alone  uihI  still  preserve  tliecluniclerof  tlui  kind  of  nutter, 
and  to  restrict  lite  lermatom  to  the  smallntiKinion  of  any  element  which 
ran  lake  pan  in  ■  chcmiol  traction.  I  n  the  caic  of  suth  a  luhsiAncc  as 
chalk,  tlie  iiiolceuk  i»  ihc  smallest  portion  of  chalk  which  can  entst, 

Tlie  m.Jtt-u/f  of  ii-i/t  ran,  liy  reiiain  ptocestcs,  l>c  funhcr  sub- 
divide<l.  bui  the  p^rti  have  no  lon^fer  any  of  Ihe  attiibutos  of  chalk  ;  ibry 
may  bo  cnrbon  dioxide,  and  linw.  These  a^ain  can  be  ^pIil  up  into 
caibon,  oxygen,  aiwl  calcium,  but  fuitlicr  than  this  it  hai  up  to  nnw  1>een 
impossible  to  ko.  I'or  this  reason  chalk  or  carlwnole  of  lime,  raition 
[liiixidc,  ami  lime  arc  called  compound*,  since  the  molecule  of  these  bodies 
can  he  furtlier  subdivided,  losioK,  iKiirevcr,  in  tlie  pmccss  their  csiealial 
properties  as  chalk,  carbon  dioxide,  &c.  On  tlvc  other  hand  carban. 
oxygen,  and  calcium  are  called  eletnenis,  since  die  molecule  of  thr»e 
bodies  canivot  by  any  knoon  means  l>e  split  up  into  any  simpler  bailies^ 
Far  the  purposes  of  tlie  physicist,  as  distinct  from  iIk  cfaemisi,  it  b 
generally  utmecessaiy  to  distinguiih  bttwcen  the  tnullest  fMiticle 
wluch  can  exist  of  a  comjiound  or  of  an  etctnent.  for  ntx  puqxises, 
in  considciing  the  stmctiire  of  matter,  wc  sh.-iU  call  the  uliimnie  panicle 
a  ninlrcule,  and  skill  iKit,  in  miM  caws,  funhcr  consider  the  i|i>esiioa 
«l»edier  ii  mj^hi  not  be  -iplii  up  into  more  etenienlary  iTioleciilrs, 

The  otij^iiial  conception  of  a  mo^cule  was  thai  ii  cuuM^ied  of  a  hanl 
sphere^  and  ilial  liodiet  a-ere  liuilt  up  of  such  spheics,  nliich  were  noi 
necessarily  in  contact  wilh  one  another.  This  conception  was  lunlier 
extended  In'  Eloscnvich,  who  did  a<ray  with  the  considcialion  that  the 
molecule  is  a  material  body  orcnpying  a  certain  Kpace.     He  considered 
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ihc  tnotecule  to  be  a  nKT«  nuithcniutic;Ll  poial  towards  or  from  which 
certain  forces  ocL  He  (uriher  Mi[ipu^(t  itiat  any  too  molcculn  atiract 
eiu'li  other  with  a  force  which  for  conNidcrable  <liii3nc«t  varies  inversely 
01  ihc  »|iure  i>r  Ihe  disiaiKc,  Inii  which  for  nniill  distaiKcs  becomes 
ch.iiiKrd  into  .i  rrpuUion,  which  increatct  (is  ll»e  molecules  conw  iieaTcr 
nnil  nearer  Io^'mIkt.  The  chief  diffiCTiliy  in  ihis  theory  (s  tlial  it  doe« 
not  seem  capable  of  explninin^  ilw  incnin  of  mailer. 

One  of  ihc  niiwt  icreni  theories,  and  one  whicit  very  powerfully 
appeals  to  ilie  imagi>w»tion,  if  Lord  Kelvin't  \-<mex  aiom  thcmy.  Hy 
voitex  motion  b  meant  a  form  of  motion  such  as  occurs  in  n  uiwAc- 
rin^'.  I'he  piitti  of  tlie  particles  of  air  in  sach  a  smitke-rinj;  it  indi- 
cated by  the  irniws  in  Fig-  95,  where  IIm  curvc«l 
arrows  show  ihc  direction  in  which  the  air  paiiirlei, 
which  arc  simply  rendered  visible  b)'  the  tmoLe, 
roiate,  while  the  straight  arrow  shows  ibcdlieciion 
in  which  the  ring,  as  a  whole,  tnote^.  There  is  a 
very  impoitimt  difference  beiit«ii  this  form  of 
motion  and  a  wave  motion.  In  the  Utter,  although 
the  waves  tnit-cl  onwards,  lh«  individu-nl  panicles 
of  the  mcdruTU  in  which  lite  wave  is  being  jimpa- 
t;alcd  only  tnovc  thnnij{h  a  cnmpatalivcly  sinnll 
iJiiiiince  fnnn  i)i«ir  aiiginal  position,  the  tiionon 
btin^  banded  on  from  onF  panicle  to  the  next.  In 
vortex  matioo,  howci'Cr,  the  pariidci  of  the  inediinn 
themselves  move  (brwutd,  10  that  in  n  .iraoke-nng  the  paiticies  of  air 
DiijcinaUy  forming  the  rint;  nwn-e  on  with  the  ring. 

Tbe  praprrtbCE  of  vortex  iiuitton  w-ere  f>r*t  examined  hy  rigid  maili^- 
niatidil  method*  b^  von  lldmholi/,  who  found  that  if  the  fluid  in  whi<-h 
this  foim  of  motion  cxitts  is  fiictionle^A,  ii>comprcuiitilc,  and  honM>|;enc- 
ous,  then  :  (1)  A  vortex  ran  never  be  produced,  nor  if  one  eiisis  can  it 
l>e  (Irstmycd,  so  that  tfw  nirniher  of  voni<T«  enisling  is  fixed.  Thb  cor- 
respoixls  to  the  property  o(  iiMkstruciibilily  of  m.-iiicr.  (2)  Tlie  rotating 
portions  of  the  fluid  forming  the  vortex  maintain  their  identity,  and  nrc 
uemiaBcnily  ditreientiatcd  front  the  non-rotaiing  p»[iions  of  the  fluid. 
t3)  These  cortex  motioni  must  conitsi  of  an  I'tidlew  tilamenl  in  which 
tlic  (IuhI  is  cvcryw''Cre  rotating  at  rinhl  angin  to  the  axi^  of  tlie  filamcnl, 
unlpii  the  fitanicnl  stretches  to  the  bo-,in<liii(;  surface  of  the  fluid,  (4)  A 
vortex  behaves  as  a  prifcetly  eliuiic  Hibstiitioe,  (5)  Two  vortices  cannot 
iiiterseti  each  other,  neither  can  a  vnricK  intersect  itself. 

On  th«  basis  of  these  results  of  i-on  Hdmholir,  l.nrd  Kelvin  hii« 
fuQnded  a  tlieory  as  to  the  constittition  of  matter.  lie  supposes  that  all 
space  is  filled  with  a  frit-lioiiless,  inoonipresaible,  aitd  himiogeiMsMLi  Hiiiil 
(the  cihert.  aixl  that  an  atom  is  timpty  a  vortex  m  ibis  medium.  The 
BMsicace  of  dillbrent  kinds  of  atoms  may  be  ariraimtei)  (iir  by  the  fact 
lbs]  a  vonex  ocrd  not  oeceisarily  be  a  simple  ring,  as  shown  in  Fig.  9;, 
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txii  miglil  have  «tch  a  fonn  as  ihal  tliovn  m  Fig.  96.  Sinc«  a  vortex 
Ctn  never  iniersect  iiself,  it  follo«-i  tliat  tlie  luimbcr  or  times  sui-h  n  vortcs 
is  linked  with  iisclf  must  niva)^  remain  the  tame^ 
Hcnrc  »Te  niay  supiinsc  lh.it  ihc  ntoins  of  ihc  diffprenl 
cleniciits  nrc  disliit);iii'ihcil  front  one  imolhcr  by  ihc 
mimlx-r  of  times  ihcy  jic  liiikcl. 

126.  The  Slee  of  Molecules.  — 1  "ntil  more  is  known 
of  the  nniiirc  of  molecules,  no  very  dclinitc  «tnteine»i  as 
to  wliat  is  nie.ini  by  the  iiie  of  a  molecule  i'>  possible. 
Since,  however,  the  meiliods  of  deducing  ihe  »ie  of 
the  molecule*  at  pt«»ent  known  only  git'e  at  the  most 
n  rough  estimate  of  the  "mainiiiuile"  of  this  qu:m[ily,  the  difficulty  of 
delininf;  what  is  meant  by  the  siie  V.  not  verj-  imporiatit.  For  the  prp»cnt 
it  is  u^ual  to  i:nn:tidcr  1h.1l  n  molcciitc  ronsisis  nf  a  vtliil  sphcic,  ihou^fh 
of  cntiftc  ihcsc  spheres  need  not  fill  even  a  small  fraction  of  the  total 
space  which  the  body  apparrnrly  occupies. 

The  methods  by  which  the  following  esiim.iiGs  of  iiinleciilar  m.iKni- 
tudo  liave  been  matlc  ciinnot  be  dcscribecl  till  the  physital  phencitoi^nn 
from  whiih  ility  are  deduced  have  been  cnnsidrred. 

In  the  following  table  thcdjamcieisof  the  molcriitesof  some  gnse^,  sup- 
posed lobe  spherical,  are  K'^^'V  ■''^  ^<*"  ■"■  ''"^  in^iss  nf  .t  -linjiTc  molecule- 
Knowing  the  mass  of  a  molecule  and  the  drn'iiiy,  th.ii  is,  (he  mass  of 
tinil  volume  at  standard  leinpeiaiutc  and  prewure,  we  mny  ealndatc  the 
nimibor  of  niotecules  conuined  tn  unit  volume.  Thus  if  m  is  the  mass  of 
«acli  molecule,  and  there  are  »  molecules  in  unit  volume,  the  mass  of 
unit  volume,  that  is,  the  dentil/  d,  is  given  by 

Suh^lilulinR  the  talues  of  m  from  the  second  column  of  the  laWe.  and 
the  values  oC  the  density  a»  i;i*'cn  in  the  table  on  p.-ige  150,  it  will  he 
(bund  thai  in  each  ciue  tlie  value  found  for  n  is  «bout  3  X  10'*. 


Dimensions  or  the  Moi.ici;i.es  of  Casics. 


ftH. 

Mas  of  MolaciiIiN            {lianielcr  or  MaWiile. 

Hydrogen 

Oxydtn  .... 
Caibon  monoxidt  . 
Carbon  dioxide 

46x10-"  gram.     1  5.S  X  lo-'ccniiineues 
7JIJX10*     ,.            7.6x10-* 
6«xio-»     „            8.3Xio-»         „ 
101  a  X  10-*     „           9.3  X  io-»         „ 

As  a  help  to  the  realisation  of  what  the  above  numbeis  mean,  we  may 
say  that  icveiilecn  millions  of  hydrogen  molecules,  if  placed  in  a  row  so 
that  one  touched  the  next,  would  fonn  a  row  alxml  i>ne  ceniinieire  in 
lenst''-  Another  illustration  has  been  (jiven  by  l.ord  Kelvin,  n.imely  :  if 
a  drup  of  water  u*er«  magnified  till  it  w»s  equal  in  siie  to  the  e.iilh,  the 
mulectiles  would  be  about  the  siic  of  ciickel-balh. 


CHAPTER  XVI 
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PROPERTIES  OF  GASES 

Wr  comfncnec  our  sltidy  of  the  gcneni  cbiiratltrinlic*  of  ihc  iHffrrcnt 
Mates  of  mniter  willt  lli:it  of  lltc  ^au-niu  iliilv,  for  in  lliis  i:ui)dtli»n  u-c 
on;  alile  to  nccount  for  mnti  of  ihc  obvrvcd  facts  by  itynarnical  i-ro-ionin);, 
briiicd  i>n  n  Itnl  n  known  Sis  the  kinetic  theory  of  gntct.  On  the  other 
haiul,  in  ll>G  caxc  of  solids  nml  liiiutdt  ««  nrc  vcrj'  far  from  possvssin); 
e\-cn  an  appraiiniatc  (t>'iMiiii<::>l  thtory  lo  account  for  ihc  ohtcrveti  pro- 
ptTtia,  'I'ho  sltMCture  of  .1  gus  bciiij;  so  much  inoie  simple  than  that  of 
a  Itquicl  ur  »>>tid,  it  is  best  to  bc^in  by  the  study  of  the  ^a^scotis  slate,  untt 
ihcii  to  pnicceil  10  that  of  ihc  liquid  and  solid  stales. 

Itefore,  hon-c^r,  comnicDcin);  ihe  simiy  of  the  special  properties  of 
gsscs  it  will  be  ronvenicnt  to  cimsiilcr  some  of  the  ^iieral  propcnics  of 
flaid^,  «in<r  ihcsr  projicrtics  sre  coiiiinon  10  both  gases  and  liijuids. 

126.  Pressure  Exened  bj  a  Fluid,— Silica  a  fluid  cannot  resist  a 
siresf  unless  tt  i^  supporttd  on  ull  sidn,  or  in  other  words  it  has  only 
clastkhy  of  volume,  il  can  oHer  no  {icn»ancnt  resistance  to  forces  which 
t^td  only  to  thiinge  its  shape  and  not  its  bulk. 

It  follows,  from  thismolMlity  of  fluids,  that  in  the  i:ase  of  a  fluid  at  rest 
thr  fotcr  it  ex«ri!i  on  any  stirface  in  contain  niih  it  must  be  perpendicular 
to  tlic  surface.  If  the  (oTcr  did  not  ^n  prrpcndiciiUr  In  ihc  Kirface,  then 
it  tjoald  be  resolved  itita  two  rotnponcnts  one  nctinx  perpendicubr  to  the 
snrftce,  niid  the  other  nciinjf  iiaralld  to  the  si.tr1a<«.  Tliis  latter  <om- 
poncnt  woiiM,  if  it  exiued,  cniise  the  flunl  to  move  parallel  to  tlic  surface. 
Sinie  tiy  sii|^isiiion  th«  ntii<l  is  at  rest,  and  therefore  no  such  tangential 
motion  exists,  ibere  can  lie  no  tangential  compiMW^nt  of  Ibe  force,  so  ilint 
the  force  cxrned  by  the  fluid  on  tbesuifnre  b  perpendicular  to  the  surfa<.-c. 

The  ma^niiudc  of  a  force  cxrricd  by  a  fluid  is  measured  by  the  font 

Tned  on  the  imii  of  sur&cc^  and  is  called  l\>t:  firffsurf. 
Hence  In    the  e.g.s.  system   tlic  unit  of  preMutu  \s  a  dyne  per 
tquare  cenlintctrc.  J  The  dinKnsions  of  prcsMire  tn  [Foice)-i-[Arca],  or 

[£'.v  r  1  ^  [z»t  or  (/,-',»/  T-*y 

lr  the  preasuTC  over  a  surbce  is  not  uniform,  then  tr«  meacure  Ihc 
pmHiic  at  a  point  bjr  considcriittc  il>r  lorce  exerted  on  an  ctrineni  of 
UTCK,  tnkrrt  round  ihc  ^ivcn  point,  so  siniill  that  tile  pressure  is  practically 
i-uostanl  irvrr  tliis  area,  bimI   divide  the  force  b)r  the  area;  a  procea  | 
curoty  aoaloifoiit  to  that  adopted  in  the  caasuf  a  t-ariable  speed  in  §  31. 
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It  !iIm>  fullawa,  aj  a  CDiu«|tienc«  or  lli«  mobility  or  Ituiilis  ikat  if  we 
njiply  a  prruurc  to  n  AuhI  eitcloKMl  in  a  revtel,  iben  tbe  fluid  will  tnuumit 
ih(i  (trcsMiTC  equally  in  *1!  diicniiiiM. 

If  a  fluid  \%  iinacicS  upon  by  any  other  forcM  besides  the  pressure  of 
the  xidcs  of  ihc  containing  \-c«mI,  il>cn  the  prc&uire  inoKt  be  the  sainv  at 
every  point  '■ilhjn  the  fluid,  and  must  act  at  eiery  point  cqu-tlly  in  all 
dilutions.  This  siaiciiient  ii»ay  be  proved  !>>■  imagining  thai  a  small 
i.ubi(al  clement  of  rolunie  of  Ilie  fluid  bctonies  MiJKliiied  wSihout  any 
iJili*r  tliiinj!*.  'riiii  element  will  ci-idenily  still  remain  in  itjuilibrixim, 
luul  hence  ilie  fiticei  acting  on  all  the  faccn  must  l>e  equal.  A«  the 
area  of  all  ibc  faces  b  the  tame,  (his  meant  that  the  ptirHUrc  on  all 
the  fairer  mu«  be  the  jjmc.  Since  this  must  liold  good  liowevrt  tti« 
sm;)ll  rube  is  turned,  it  follows  that  the  pn.-ssurc  niuil  be  the  i.aine  in 
nil  <ii  reel  ions. 

127-  Fluids  under  the  Action  of  Gravity.  Principle  of  Archl- 
medes.^ln  a  HuhI  at  i»t,  and  acted  upon  by  gravity,  (he  pieswre  in  the 
lower  Uyen  ii  }fTeaier  than  in  the  upper,  since  each  layer  h.-u  to  »uppori 
the  w-eih'ht  of  all  lite  mpcrinctimbent  layers.  The  ptessure  ihrotiglioul 
any  horiiontal  layer  mint,  howtrer,  be  ei'erywhere  the  sam&  Otherwise, 
if  there  were  two  points  in  the  same  horiiontal  plane  at  which  the  pres- 
sure  was  diflercnt,  then,  nince  no  work  uoitld  lie  <lone  a^Fainst  gravity  by 
the  paiiuge  of  flind  fmtn  one  of  Ibcsc  pninls  to  the  Other,  if  nie  luid  a 
small  pipe  with  one  end  ai  one  point,  and  ihe  other  end  ai  tbe  niher,  the 
fluid  awuld  flow  from  ibc  point  of  higher  prctxurc  to  ihe  point  of  lower 
pressure  ihmugh  the  pijK-  This  niotioo  would  also  take  place  even  if  no 
pipe  <:onne<i:iett  ihc  iwu  puiiiti.  and  he»ct  the  fluid  Mould  not  be  at  mt, 
which  is  contrary  to  hypoibi-si*.  If  the  iw-o  points  are  at  different  levels, 
then  the  presuire  at  the  lower  point  is  ureatcr,  but  the  liquid  tlirtc  does 
not  move  to  tiie  Itighci  paint,  since,  to  do  sc^  work  would  have  to  be  done 
aipuRst  gravity. 

When  a  solid  bi>dy  is  immersed  either  partly  or  wholly  in  a  fluid,  it 
displaces  a  volume  of  the  fluid  equal  10  the  volume  of  the  immervcd  part, 
and  it  experiences  an  upward  force,  due  to  the  ftuid, 
equal  in  magnitude  to  the  vrti^kl  of  ibc  volume  of 
liiiid  ditpl.-iccd.  This  is  know-n  as  the  Prima^U  n/ 
Anhi'nf'Ui,  and  its  Iruth  may  be  ptOTcd  as  follows. 
Siippoie  that  the  budy  immetsed  in  ilw  Iliad  is  a  cube 
,ti\.!efyi  (Kij;.  97).  and  thai  it  is  immersed  so  ihiil  the 
edfjci  If,  if.  ex.  and  JA  ate  M-riical.  Tbcu  the  total 
preswire  of  the  Raid  un  the  fa<re  (uMc  ii  exactly  equal 
and  opiposite  to  the  total  preuure  un  the  bee  ^fg/l 
For  we  may  suppotc  ihcm  each  divided  into  et|Ual 
harimatal  Mrips,  so  iliat  tbe  pressure  is  constant  over  each  strip.  Tlim 
for  each  strip  in  one  face  there  is  an  equal  strip  in  the  other  in  the  same 
horiiontal  plane,  so  thai  the  prvstmre  is  ilie  sanK.     llcncc  the  loial 
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pi«Mure  exert««l  on  each  p.iir  of  MrijM  i*  cqiial  and  opposiic  ;  and  there- 
fun-  ihe  lotal  ptvsMirc  on  one  face  Is  equal  to  the  total  prnsurc  uii 
tht  tiihcT,  Tlw!  aainB  aisuDitmi  apt>Ii«  to  the  faces  aife  ami  di^h. 
Till;  upHMrd  JHCS50IC  i>n  the  face  eigh  \i,  however,  greaier  ihiui  the 
downward  prcuure  on  the  face  ahtd,  since  it  U  at  a  lowet  kvel.  In 
order  lo  sec  what  is  the  dilTcrencc  between  ibcs*  two  fcircre%,itipp<we 
ihc  nibc  removed  and  replace*!  hy  a  cube  of  the  j;iven  lliiid,  ninth  by 
sonic  niean^  hii%  lx«n  jolkiificd  wilhmii  any  Other  rhnnjif,  ThU  tube 
Hill  then  tic  in  equilibrium  in  ilio  fltiVi).  The  loial  |vtcs«iiics  od  the 
v-c:rut.Ht  faces  will  as  before  exacily  balance  each  otlicr,  so  that  tliU  ciibc 
of  the  fluid  U  in  equilihriuin  under  ibc  three  following  forces ;  (i)  the 
H'ci)jlit  of  the  cube  ol  fluid  acting  downward* ;  (2)  the  IMal  prewure  of 
the  duid  an  the  upper  face  <^c4  acting  downward^  and  (3)  the  total 
pneuure  of  the  fluiil  on  the  lower  surface  tfgk  acting;  upu-nrdi.  lltenc 
Circes  arc  atl  pamllcl.  and  w,  in  order  that  there  may  be  equilibrium, 
ihc  sum  of  the  tn>o  downward  acting  forces  must  be  equal  to  the  upward 
jcting  fi>ice  ;  that  is,  the  diflWcnce  bct»-een  the  total  upward  ((((id  prts- 
Mire  and  the  lotal  downward  fluid  picsiiurc  is  equal  to  the  utiiiht  of  the 
cube  «f  fluid.  Hence  when  (be  solid  is  iinmened  in  the  fluid,  vrvx  its 
up(ier  and  lower  larei  occupy  just  ihc  urive  pofilioos,  as  we  have  sup- 
posed the  focei  of  ilie  fluid  tulio  to  occis|iy,  the  dilTeieii<.e  in  the  total 
pie<>sures  ■  on  the  lower  and  upper  face^  will  be  the  same  as  before, 
i.f.  it  will  be  equal  lo  the  weiKht  of  a  cube  of  tlie  fluid  equal  in  w/e  to 
llie  solid,  or,  in  other  words,  the  upward  force  acting  on  the  iniinemed 
uilid  will  be  equal  to  the  weight  of  the  diiid  diiplnced  by  the  vulid.  An 
experin>cnui  proof  of  the  tniih  of  Archimedes'*  principle  will  be  given 
later,  when  considering  the  propenief  of  liquids. 

128.  Expansive  Power  of  Oases.— 'Hie  propeny  of  gases  which 
diilinguiihcs  iheni  from  other  ituids  b  tliat  a  given  mass  of  gas  when 
introduced  iiilo  a  closed  vessel,  always  exactly  tills  the  vessel,  whatever 
its  volume.  Thus  if  we  Ihh-c  two  eijuaJ  tli»ed  vessel*  conncctetl  logellici 
by  a  tube  which  c:in  be  dosed  by  mcaiu  of  a  Up,  and  one  uf  these 
vciscls  is  filled  wiih  a  gas,  say  air  at  tlie  ordinal)-  pressure,  while  the 
other  diciei  not  contain  any  mailer,  or,  in  ollw'r  words  bos  a  viicuum 
inside,  iben,  on  opening  ibc  lap,  the  air  immcdinlely  expands  and  rushes 
inio  the  *iec«nd  vc^mI,  till  finally  there  is  tli«  same  quantity  of  gn»  in 
each  vesiel.  Ily  again  closing  Ibc  tap  and  exhausting  the  air  from  one 
uf  the  ve>iels  by  means  of  an  air-ptmip  {%  i^'j.  and  il>en  opening:  the  tap, 
the  remaining  gas  again  enpands  and  fills  the  two  vessels.  Iliis  opera- 
tion may  he  indcfmiiely  repcuietl,  .ind  in  every  case  the  gas  left  in  the 
one  vessel  will,  wiien  the  tap  is  oponcil,  c\pu>ad  and  fill  ll»e  two  i-cssels. 
This  cxperinieat  illusltales  the  cspunnve  power  of  gatd 

Since  the  gas  cjiclosed  io  a  vessel  always  cxpinds  and  rompleiely 

■  !■  aaair  avw  whtre  nu  anilMcnilr  nui  hr  cautnJ.  os  (hnli  u"  llw  wnil  ^ofttt 
wlicra  IMJil  |w*HUifl  i*  niniiii. 
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fiUa  the  ves-icl,  cicn  if  this  Ulicr  U  incrcaMrd  in  vnluinc,  it  follows  ih;it  ihe 
ga*  matt  excn  n  ptcMiirc  on  ihc  intitle  of  iIjc  containinj;  vessel.  Tliai 
tlii>  ix  N)  ran  be  shown  by  enclosing  Koinc  air  at  oi(i>rin[>'  aiinosplieric 
prCK«tire  in  a  ihin  glaM  flaslc.  and  then  removing  llie  air  rconi  ouisidc  ili« 
flatlc  liy  filacing  il  beneath  llie  [«feivcr  of  an  itii-piimp,  uhcn,  unless 
ibe  fla;k  i:>  fairly  sirong,  (be  pressure  exerted  by  the  air  inside  tlic  llasic 
nill  be  suflitient  to  burnt  the  flask.  The  reason  that  the  tiask  docs  not 
burst  bcfmre  llit  air  surrounding  il  is  reinoved,  is  that  this  ait  prcsstn  on 
the  outiidc  iif  till-  flask  and  cotinleracts  iho  effect  of  the  presiure  of  the 
cncloicd  air  on  ihc  inaific.  When  the  air  oul*idi:  is  removed  by  meanv  of 
tlic  pump  tbctc  is  no  piessute  cxetifd  on  the  ouwide,  and  the  flask  may 
not  i)c  strong  cnouj;h  to  ivilhslancl  the  inside  preisure. 

129.  Density  of  Gases.— The  density  of  a  body  is  ihc  mass  of  unit 
volimic.  Hcnrc  in  tlic  c.g.u  system  the  density  of  aJKldy-Js  thcj'tfM  in 
(^ms  of  a  cubic  ceniimcufe,  If  the  grarn  were  exMily  the  mass  of  a 
cti&lc  centimetre  of  water  at  4'  C,  (§  146),  the  densily  of  water  at  ihis 
tempcratun:  would  be  unity.  Since,  as  wilt  be  explained  later  un,  tlie 
density  of  bodies  is  gcner.tlty  obtained  by  determining  the  laiio  of  Iheir 
density  to  tiiat  of  water,  it  is  usual  to  assume  that  the  density  of  wuter  »t 
4*  C.  is  exactly  1.  If  it  is  required  to  cjtil  attention  to  the  fact  that  the 
density  has  been  obtiiincd  an  (his  assuniplion,  it  muy  be  referred  10  as 
the  rclali^-c  dcnsiiy. 

The  temi  specific  gravity  is  oflen  used  as  sj-nonymoiis  with  what  wc 
h.ivc  called  the  density,  but  is  sometimes  distinguished  as  the  nvi^/it  of 
tmii  voluric.  In  the  case  of  gases,  the  density  is  sometimes  rcfetred  to 
that  of  hydrogen  or  air,  taken  as  tiniiy.  The  following  table  gives  the 
density  of  suveiiil  of  the  more  important  gases:  (l)  in  gramnies  pci  cubic 
ccniiincire  ;  (i)  wiih  reference  to  hydrogen,  taken  as  unity,  the  gas  lieing 
in  ever>'  case  at  a  temperature  of  o*C-,  and  under  a  pressure  of  one  stan- 
dard  atniusphete: 

Dessitv  of  Casks. 


Gai. 

Density  In  (irnmnics  pet  |  I>pnHiyrelntirelo  Hydra- 

Hydrogen 

Coal  gas 

Nitrogen 

Ait         .... 

Oxygen .... 

Carbon  diostde 

Chlorine 

o.oooo8<>6 

<\ooo46  (about) 

aooi3;7 

<\ooi393 

0001430 

CWXJI974 

<M>0JI3J 

1.00 

s-t  (about) 
M-03 
>+43 
15.96 

«J33 

34-97 

130.  Elasticity  of  Gases,— The  only  kind  of  elasiitity  of  which  a 
gas  is  c.ip.iblc  is  el.isticiiy  iif  volume  or  bulk  elasticity,  since  il  is  only  to 
a  change  nf  volume  ib.it  a  gas  oflets  any  lesistance.  If  the  pressure 
acting  on  a  volume  f'  of  a  gas  is  increased  from  /•  to  /'+/,  and  as  a 
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rcauli  tlie  volume  Ijccomes  rcduccil  to  J^-f,  \\vea  iho  smin  or  ddbrma- 
Uoo  produced  in  a  volume  I'  is  v,  and  therefore  Uie  Mrain  ptoduccd 
per  ank  voluuw  ii  i'/' «  while  ilic  tAica  cotntyimfWwf.  lo  ihis  mmxx  U/- 
Ikncc,  since  (he  daititiiy  uf  a  l>udy  U  itie  ratio  of  tlie  sucu  lo  tho  uraia 
it  produces,  the  vlaslidlx  of  tlie  (jiven  gm  is 

In  ortkr  to  study  lh<r  clavticily  of  gases,  Robert  Boyle  made  lue  of  a 
l-las*  U-slu|>ed  lube  (Fig.  98)l  The  end  nf  ihc  shorter  limb  All  of  ibis 
liilie  was  <;los«d  at  A,  while  the  end  of  the  longer  limb  wa* 
open.  Marin);  calibraied  itie  shelter  limb,  so  iliai  the 
volatne  ocL'upied  \yy  the  giti  enclosed  tn  it  niis  known,  mer- 
cury wa»  iiountl  into  ihc  open  limb,  so  as  to  impiison  x 
certain  quantity  of  air  in  Ilic  cloied  limb.  The  »»IuniL'  of 
tlic  enclosed  gas  wa»  olxaiiicd  from  the  previoin  ailibta- 
tion  of  the  tube,  and  the  pressure  to  which  il  was  tubjcctrd 
was  t]>e  atmospheric  ptcssure  (j|  133),  toyeihcr  with  ihc 
«ct);ht  (if  a  column  of  mercury  of  Iwighl  Eth  Uy  adding 
more  and  more  ritereury,  and  reading  the  currespondlng 
values  <if  llic  volume  and  the  Height  V.l*.  Bo)'le  obtained  a 
wrics  of  roluet  »f  ilie  volume  of  a  given  mass  of  air  under 
dil!crenl  pTcsiurcs  and  as  a  result  tie  wai  led  to  cnuiieialc 
a  law,  which  is  known  as  Uoyle's '  law,  that  the  product  of  Ihe 
t>alinnv  of  a  (jiteii  nvass  pf  a  };=>■  ^I"  the  pressure  is  a  coa- 
sianl  for  all  pressure).  , 

If  l'\%  ilie  volume  of  a  given  nuss  of  gas  and  /'  is  ihc 
pieiisiire  (o  which  it  is  subjected,  then  Iloylc's  law  slates  that,  so  long  m 
the  tcmperaure  rentnins  constant. 

/■('"coosiam. 

The  experiment!!  of  Boyle  only  showed  that  ihe  voIuak  of  a  teas  is 
invendy  its  Ihe  pressure  for  a  iiiiiill  range  of  pre%sure»,  and  his  form  of 
apparatus  was  not  sufficiently  an-uiate  lo  dvtect  miuiU  deviations  fnim 
his  tatr,  even  if  they  had  occurred  n-ilhin  the  range  of  his  c^tpcrimcnls. 

Regnault  in  iS47destt^cd  a  form  of  a|iparaius  in  which  live  Iwo  gnox 
defecn  of  Doyle's  apparatus  nan>ety  tlut  the  poMiblr  range  of  pmsuns 
(«  •Biall,  and  that  as  the  pressure  increasn  the  vtilume  of  ihe  futs 
hocomo  >o  small  that  the  inevitable  errors  msule  in  mensuring  iliis 
raluny  bear  a  lar^r  luul  lan^eT  ratio  10  the  vohtmc  10  be  measured, 
■ere  10  a  gna\  eileni  elimiiuted. 

<  Ibirl*  rn'-Mbnt  (Hr  rcpnlmenti  on  iriildi  bt  liiuiiitnl  ititfcBanciuioauf  hi-  tew 
ta  sMo.  FuBSnn  yran  Um  ManMie  miPuialHl  iIif  nine  Uw,  Ddii|;  Ihr  nniii 
cum>*  niiuinuon  of  »  iwap  nf  ijioicn  ni  hn>l  Um  ineil  1>y  Bajv.  Tl*  law  \\. 
hmMTTT.  bmrn  an  ite  Ciauntnl  •*  M.uiultc'*  kw.  Vtm  an  InlaHilBf  itntuisloa 
on  a«  uisi  AKDwn  af  (III*  Uv,  Mv  TiWi  "  frvpenki «(  Mutw."  p.  j>7- 
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*--'v-f''  I'M  ,T  --n'tTrni  M '.iifn-.n\-  11  ^iiraMin-  the  n»cssuiB  to  nhkji 
i-f  /j.^  1-..  ir,\,ifriin^,  itrtf  itiitfari  .irvinij  imitett  '.0  .1  -aiumn  iibcnir 
'  -*">■  '"^I",  '.t;  i»tM  ifie  jO  ^iM-tiv^  'mill,  r'us  .'niiiniii  la"  memuy 
'■'^    ■oit'>!f.fvl  In  J  sere*  nf  -itnwj   j!""^*  :ul>^s,  •vlnch  were  damped 

end  ;<>  ;'ni(  .kiiil  ^^-L■Il  :o  ~lie  sde  of  a. 
;ii«w'r.  ill  iinter  'ii  .lilniv  .k"  \[ie  jjiasa 
;illi«"!  I'vijaiiiliiiij  inii  .::immi::in!j  wrtd 
■-iianm-'j  i>r  enipptrw.irR  ivtcimiit  iearaf 
fr.i.-iiiriv  Ku-li  r.iiie,  n.stuiLU  iif  lieinif 
riiri'lly  ^i*'-^  -•■>  "'e  *^I-  ^^la  iUHpenieif 
hy  tiPfi  -itrinijs  -.vhu-il  pnastsi  over  pul- 
l»'y-f  riwrf  :.'!  ;lie  ■■*':i!"  jmi  bu  ;  iriMinter- 
prrt'ff'f  arM"'h<*r;  F'S'.  )".  .  Ta  tbis  wiy 
fh.*  «'fi;i[bt  r.f  :;■.*  "Phiiie  cdIuuiii  was 
(IlStri^^ll^<■rt  ^lrt«'ee■n  rhcae  iupponing 
Wfiriit^,  aivrl  ^ny  e^par.-iaMi  oiiuil  :ike 
pirf"  flttif!  frfrly.  In  orrf«r  ;.5  m«!iiiir): 
th»  >i*-i/h(  '>i  the  mercury  column  a 
■i^rr^s  "f  fine  marks,  o,  i,  i.  3,  4.  4c-, 
vrfrp  ('D^T'ivfrl  r>n  t)>e  gla^s,  and  the 
'listHf)"  fiftwpPD  ihesc  marks  was 
rin-Hiiir"!  17  irican*  of  a  raihciometcr. 
'Ilif^  Irf.ffr.in  IiiIjc  was  finnly  ce- 
iiii-iiliil  Hf  I!  (II  ^1  Ktrimj;  iron  reservoir 
(  |-,  iiii't  »l,ii  h  (lir  j;l;i5s  lube  C'U  to 
r**  I 'iiifiiiri  ilii>  j;.n  iiMiIrr  rupprimtnt  was 
[itj'i  I  ■iiiiiiImI.  AiI;h  linl  (o  l!ic  lop  of 
(liifl  liain-iii  Min  ;i  ■.[rvill  fiirce-plinip 
'',  liv  »"' mifl  '»f  "Ih'nli  \\';itrr  riuild  lie 
(1.1...I    mill   I     lii-Tti   (111-   vrvM'!    n,   iliiis 
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sutftiic  o4  l)i«  inurtucir  uootl  at  itic  m:i(k  I>  in  ili«  closed  luV,  ^d  ul 
lilt;  same  Icvd  in  the  open  tulw.  The  gas  was  (hetcfote  ut  aiinosplicrk 
pre^au^e.  W.ilcr  «-as  then  pumpvd  intu  F  till  ihc  sutfiice  of  iHc  ineroiiy 
siuod  at  IV  nnd  ihc  pnsitMHi  of  the  top  of  the  meiEury  column  in  AB, 
men-iured  from  K,  was  rcAd,  and  ihut  IIk  new  |>n;»ure  wat  »l>i»inc<L 
Then,  the  pfesMiK  bciitg  kcpl  codmbdi,  k'k  was  pumped  in  throuKh  k  til! 
the  surface  uf  iJte  mcnrury  was  xt  D.  Moie  uater  im  then  puniprd  inin 
1^,  till  the  ^A^  wa»  comi>rcssed  to  the  rolumc  ce,  and  tli*  pwsMirc  iwteJ 
as  bcfoie.  Mote  Ra*  wns  then  pumped  ici,  and  the  seiio  of  uperaiicins 
npeated  till  the  Krf^led  availaUc  pressure  was  rcat-'licd. 

Kram  the  te.-ulinsfi  ihut  taken  it  <:oald  lie  lecn  whai  increase  of  pres- 
sure w.»  nccesMry  ti>  ronipicst  the  gas  from  the  t-nlimie  cr>  lo  ib<'  volume 
CK,  sE.-inin^-  .It  ditTercni  initial  pressures  j  the  j;reai  imprm'cnicni  vn  the 
previ<ii»  mcihixU  bein);  thiil  \\f.  itiiltal  and  Anal  vo9uincK  vi<-ic  the  ■mvrv 
BX  the  lii^h  pn-Murrs  as  at  the  low,  and  Ivcncc  ihu  in«viiHl>)e  omall  uii- 
ceiijiniius  made  in  measunu^'  the  vxiiuiiie  did  not  produce  a  giealcr 
pcrL'eniaKC  error  at  the  hi(;h  ptcssunrs  than  at  the  low. 

In  dcduciniE  the  prrMiirc  fniin  tl)C  tKriKht  of  die  mcrrury  tnhmin, 
Kegtumh  altovrd  for  the  change  in  ilentity  of  the  mercury  with  tciiipcta- 
ture,  the  imipGraiui«  of  lh«  column  being  measured  \>j  a  snia  of  tbcr- 
momclers  T^  T„  &c.,  pluccd  alongside  lliv  column.  Ite  also  .itlo««d  fur 
the  incccajc  in  dcniiiiy  of  tlie  mercui)-  at  ll>c  h>n-cr  pant  of  llie  column 
produced  by  the  prc«^tut«  of  llic  tuperincitmbcnt  mrmiry.  Finally,  unre 
lo  obtain  \\w  lotal  ptr&Hire  lo  which  ihc  givs  is  Mibjcrd-d  uc  musi  add 
the  pn^aure  of  llii*  atmu'iphFie  (§  1 33)  on  iliv  Urp  of  the  mercury  column 
in  Ihe  open  tub*,  Im  nad  the  licij;bl  of  a  Ijaroeiwlcr  placed  on  a  I*vel 
with  lite  sutfji-c  of  lli«  nirrcury  in  aI'  Iot  fiicIi  [Msilion. 

I n  the  (ollomog  table  some  of  keKnault's  tcsulls  arc  giien.  The  first 
Column  (xintains  the  initial  pressure  (/',)  in  cctitimrtrcs  of  mercury  under 
uliith  the  gas  occupied  the  volume  CI>,  whidi  iiuiy  he  called  I'^  If  ihen 
/*,  it  the  pressure  when  the  voiume  Lt  n^nced  lo  CR,  my  l'|,  then,  if 

Tlo)'lc's  law  is  exacdy  tnie,  VJ'^ifwAA  be  cqu.il  to  f ',/',.  01  ilw  ratio  „'',*• 

would  he  unit}' ;  the  adual  Tahic»  rnund  fur  Uiia  lattu  an  given  in  tlic 
mkoikI  aiJumo  of  the  table  : — 


Air. 

Carbon  Dlo«iiIi% 

Hyiltuten. 

/v 

P- 

/v 

73^3 

414083 

933.6<i 

1.001414 
1.001765 
1,0031  J  J 
\.t30byA 

i:,a.r4i.Ut- 

eutjr. 

76.403 

3l8L6l3 

4«7-977 
Q6i..>97 

1.007597 

i.o4;<iii 
1  .',SB65 

('■kolhltv- 

cury. 
III. 118 
S84.J18 
9i7-*5« 

• 

aQ98j«4 
a996i3i 
<W)9»933 

»S4 
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Fmm  this  tabic  it  will  be  seen  ihai  in  the  vxw  of  air  and  caibon 
(iioxHic  l',/'n '»  "'ways  8li;,'liily  nrralet  ilinn  J',^i,aiiJ  llint  ns  the  pic«- 
»iirc  increvMCS  thi*  excess  becomes  giiMicr  ami  grtalcr.  Hence  these 
gases  iire  sli^'hlly  more  cuiiiptcssibic,  puctkiilarly  at  Jilnh  prcssurci,  than 
Ihey  would  Iw  if  they  oI>C)'cd  Boyle's  law  etattly.  Hydrogen,  however, 
dcvialPt  from  iloylc"*  law  in  the  opposite  direction,  I'o/n  being  //«  than 
i',/'„  sn  that  this  gan  i»  less  COinpieuiNc  Ilun  a  gas  which  obeys 
Uoylc's  law  e.i.ictly. 

Ue^natilt  in  his  experiments  was  only  able  lo  go  up  to  a  pressure 
of  27  atmospheres  (g  133).     Amagat  has,  however,  investigated  the 
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elasticity  of  gasCs  up  to  preisure*  of  nl>out  joo  atnioiphercs,  and  his 
results  for  hydtugen,  nitrogen,  and  carbon  diostide  (at  two  lempeiature») 
are  shown  iri  E-'ig,  100.  In  this  liy^fe  a  ciiivc  has  been  draun  represent- 
ing for  each  gas  the  values  of  the  proJun  /Tat  difltrent  pressures. 
Since,  if  a  gas  olTcys  Boyle's  law  exactly,  !'V\%  cxtnsUinl,  llie  curve 


TorritsUTs  Experiment 


correspond ing  to  such  a  gas  u-oatil  be  a  boriiontal  klruitihl  luw  parallel 
U>  the  axit  pm«urv:t. 

It  win  be  noiiccd  ihai  ibc  cun-c  for  hjrdni^cii  slopes  upu'i^inli  fur 
tnciCiksiii);  pics^urcs  indi<"jiling  that  the  gas  it  1cm  c«mptcssibl«,  />, 
more  ctastic,  lliau  \i  \\  obc>tU  Boyle's  Uir.  In  the  case  of  nilrat;cn  at 
preuarci  bcluw  40  metres  of  mcrcuiv  ibc  curv«  slopes  doo-nwaids  and 
tlt«  gaa  is  tevi  clastic  thaTi  if  it  obeyed  Boyle's  Uw  ;  while  for  higher 
prustir*:!  it  rcMmbM  hydro);cn,  in  ihAt  its  clasliriiy  n  Krcatei  i)ian  ihat 
l[iven  by  Iloyle's  law.  Carbon  dioxide  at  a  temperature  ti  100'  C.  givet 
a  cuf\-e  which  U  an  exagf(eration  of  the  nitrogen  curve.  At  a  temperature 
of  35*.i  ihe  cur,-e  for  catboD  dioxide  has  a  ver>-  disiinctivo  form,  tbere4 
bring  n  picsMire  (70  metres  of  mcicmy),  fof  which  iho  product  VF  has  a 
sharply  marl;ed  niiniiiiiim  valtie. 

A  eionsideration  of  ihcsc  curtei  shows  that  ga&ev  which  at  low  pFe«> 
vattt  dei Utc  frmn  Boylei  Uir  in  ihai  ihcy  arc  too  lompresublc.  at  hii;li 
pressures  and  lempeniluies  reKiiible  hydroccn  at  ordinary  picssutes,  and 
deviate  fititn  lioyk's  law  in  llic  opposite  sen^c  to  that  at  luu*  presiuica. 

iSl.  The  Air  ManotneMr.— 11ie  ebsiiciiy  of  a  ku  caa  be  made  use 
of  to  measure  presi*irev     An  instrument  for  this  piupose  consists  of  a 
Ciuv«d  tube  ABC  (Fig-  Iol)tlu»ed  at  one  end,  A.  with 
some  mercury  in  llie  bend  ciKlusing  !>oiue  air  in  the  ^ 

closed  limbs  'be  v«lutne  01"  which  can  be  read  otTon 
a  scale  attached  to  the  side  of  the  tut>e.  The  open 
end  C  being  conDcrird  oiih  the  vessel  in  whkh  the 
ptessute  has  to  be  n>nKUre<d,  Mippose  the  volume  of 
tl>c  air  lu  be  reduced  fiom  !'„  ai  aiBiospberic  pres- 
sure, 10  r,,  the  nwrcury  in  the  tube  standin;;  at  B 
aiKl  Ii  in  the  Iwu  brunches  of  the  tube.  Then  the 
ptesaorc  acting  through  c  is  balanced  by  tlie  elas- 
ticitj  of  the  air,  lOKeihcr  with  the  wcighi  of  a  mer- 
cury column  of  hetght  t>E.  'Die  piessnte  due  to 
ibE  elasticity  of  tite  air  ii  by  Uoylc's  b«r  oc|ual  to 


B 

Fig.  ioi. 


-^  Mmotphcros,  and  hcnc«  (lie  pressnrc  to  be  measured  l»  C(|UHt  to     * 

'1  M 

atmosplicm  IO),'etber  with  the  wci{;bt  of  tbc  columit  of  mermry  1>K.  Of 
owTM  liir  hiijb  prc^isures  a  oofrectton  wuaitd  hare  to  be  applied,  to  allow 
fUr  the  dcTiutiDU  of  air  from  Boyl^  law. 

132.  TonieelU's  Exp«rlm«nt--  In  the  yrar  11^3,  «n  liutian  turned 
TiirriiTlli  hMvJriK  iilie<i  a  K'a"  IuIk-,  al<cHii  a  nvcire  long  and  chMcd  at 
one  i-nd,  with  incio'ry,  inverted  it  and  dipped  tl>e  open  end  bch>w  tlie 
Hirbcc  of  tome  inciiuty  lit  a  irouKh.  He  tbco  found  llial,  instead  of 
continiiint;  10  rumpJticIy  lilt  tbc  lulw.  the  menniry  fotiook  the  up|ier 
part  lA  the  tube,  the  liciKbl  of  ibe  cohimn  being  about  76  cetitimc'trcx. 
Titirkrili  ^ve  the  true  explanation  of  ihii  phenomenon,  namely,  tliat 
Ibe  nierijjt]r  cotunin  was  supported  by  tlie  pressure  of  ibc  alinoiphcrc 
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acting  oil  (he  free  stirfaw  of  llie  mercury  In  »ho  irowgh,  so  (hat  thi* 
prcsiure  wa»  ei|i)al  10  Ihe  weiijht  of  :i  column  of  tiit-rciity  about  76  cm. 
hijjh.  This  c.iplanalion  also  accoanlcil  for  the  vIcvaliOD  of  n-atcr  in 
suction-piimpfi,  which  had  pfwiouilj'  been  explained  by  wying  thai  nutiirt 
ahhorrcd  a  vacuum,  ami  that  as  the  plunger  of  ihc  ptimp  n»e,  it  lendctl 
10  pioduce  a  vacuun),  and  llicr*forc  the  wairr  niched  in.  Torricclli's 
experiment  was  fiinhcr  extended  by  Pascal,  who  tried  the  experiment 
with  lubes  litlcd  with  oil,  water,  and  w-ine,ilic  hcij,-hi  of  the  column  being 
in  each  case  invet»rly  pmponional  to  the  density  of  the  liijuid  employed. 
I'ascai  also  suggetied  thai  if  TorricelH's  explanation  were  the  correct 
one,  then  the  nmsimiim  height  of  the  mercury  column,  or  the  heiK^l 
of  the  biiTDiKtlir,  as  it  is  called,  would  l>c  less  at  ihc  top  of  a  niounlain 
ih.m  at  the  fool,  since  the  air  is  a  heavy  fluid,  and  ihcrcfoic  ihc  pres- 
sure inctea!.ei  wiili  ihe  ilcplh.  This  experiment  was  carried  out,  and 
ihc  leiiulls  tomplelcly  tonliniii^d  his  picdiclion. 

133.  Pressure  or  the  Atmosphere.— Since  Uie  volume  of  a  gM 
is  so  veiy  laryely  affecied  tjy  ilie  prtiiure  to  which  it  is  subjected, 
it  is  i:ei:c3s;iry  lo  si;ile  the  presitirc  at  which  Ihc  me.Tsurcment  i»  made. 
To  simply  stale  Ihal  liie  mf-asutcmcnt  was  made  al  "alraospheriE  pics- 
sure"  is,  in  many  castas,  not  -ncciiratc  enough,  for  it  is  found  thai  ihc 
haromrtric  height,  and  therefore  the  pressure  of  the  atuio;phetc,  varies 
by  a  considerable  aiiioLiiii  [roni  linic  to  linui.  A  standard  pressure  has 
therefore  been  adopted,  which  is  called  an  almosphfn,  or  simply  iht 
ituttiiard pttuiirf.  This  prerssure  is  such  that  it  would  support  a  column 
of  mercury  76  cm.  high.  Since  the  dcnwiy  of  mercury  varies  with  the 
loitiperaiure,  and  the  prcisure  necessary  lo  suppon  a  given  height 
dejHyids  on  ihc  densily  of  the  mercury,  it  is  ncrcss.ii-y  to  slate  the 
temperature  of  the  mercury  when  defining  the  standard  pressure.  In 
addition,  since  the  pressure  necessary  to  support  the  column  of  mer- 
cury depends  on  the  weight  of  the  mercurj',  and  ihe  weight  of  a 
column  of  mcicur)'  of  K'**"  height  depends  on  the  value  of  g,  or 
ihc  acceleration  tine  to  gravity,  it  is  neccisary  to  state  the  value  of  g, 
for  which  76  cm.  of  mercury  arc  ei|ual  to  the  standard  amiosjjhete, 
Tlic  tciiiporalurc  choien  hai  been  that  of  niching  ice  (o''  C),  and  ihc 
value  oi  g,  since  ^  varies  both  with  ihc  laliiHd<:  i%  116)  and  wilh  the 
altitude,  is  Liken  as  that  at  latiiodc  4;"  and  at  the  sea-level.  Hence  the 
kiandard  pressure  is  defined  as  such  ihai  ii  will  tuppoii  a  column  of 
mereury  j(>  cni.  lii){h,  at  latitude  43*  and  ai  the  sea-level,  the  tem- 
perature of  the  mercury  being  o'  C.  The  density  of  mercury  at  o'  C.  is 
i].S<)6.and  the  value  of  ^^. it  the  sea -level  and  at  l.ilitude  45*  is  gSaiiocm. 
per  sec.  per  sec     llcnee  ihe  value  of  ihe  standard  prewure  is 

76X  13.596x980.60  dynes  per  51J.  cm. 
"  1013150  dynes  per  s<i,  cm, 

I'his  number  is  very  nearly  one  million  dynes  per  sqiinre  centimetre, 
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and  it  ha«  been  pmpcKcd  10  lak^  n  ptMturc  of  cxacity  one  mlDiou  or 
10*  dynes,  or  a  ntCKR-dyne,  per  ujiurc  ccniimdre  as  llie  standard  pre»- 
WRL  Thit  would  corretpond  lo  a  column  of  ntcrcury  at  o*  C,  at 
Uiitudc  4S*  and  Um  tea-lml,  oiti  hcifilii  of 

— !^^^^-  ^   -7S-O0S  <™- 
13.S96X9S0JS0 

134.  The  Barometer.— A  knowledge  of  the  prcsture  cxcned  bj-  the 
Atinotptiere,  or  the  hcighl  of  thebarontcicr,  itof^tat  iin|)on.-incF  not  only 
inmetroTolo^'ihul  alto,  as  wc  shall  ate  in  ihe  later  M^iioos  of  this  volume, 
in  many  branclin  of  pbytici.  An  insiiuin«ni  di-si^eiil  for  ateaannni;  ihe 
pi«isuie  of  the  atmosphere  ii  called  a  baronvticT,  and  we  sliati  now  pro- 
ceed to  deMii))^  one  oc  tvo  of  the  more  Imporiant  V\aAi  of  baromricn. 

Bvomctcn  may  be  divided  into  two  chuiics :  (1)  Liquid  barometers, 
in  uhich  the  preixurc  i«  meacurcd  in  tcnn>  of  the  htigbi  of  a  colurnii  <4 
K  liquid,  and  (i)  anrnwd  faatotneters,  in  which  the  pretsurc  is  mesMired 
by  Ibe  ilefonnalion  of  the  lid  of  a  mcial  box. 

Pradioitty  the  only  Itquvd  that  is  u*ed  in  liquid  barometers  w  mer* , 
eury,  rinie.  on  account  of  its  great  iIcDsrty.  the  hei(;h[  of  ihc  column ' 
which  the  preiimre  of  ibe  aini05plierc  can  suppon  i*  of  a  manajcenblc 
maKniiudc^    AnoAher  udvanlugc  puijci>ed  by  mercury  b  that  it  doe»  not 
absorb  moutore  from  the  Jtir,  at  docs  ^Xytxnoic,  the  only  other  liquid  tliai 
bas  been  used  to  any  extent. 

The  limptesi  fonn  of  mctcur>'  bjimmeicr  is  the  syphon  baionMler. 

Itcotisisisof  a  U-shapcd  tube,  the  lont,'er  limb  (aB,  Tig.  101) 

of  which  b  dined  at  A,  and  is  about  86  cm.  kioK,  »hile  the 

shorter  limb  b  open  at  C.     This  tube  is  filled  with  putc 

mcnntry,  and  by  botting  the  mercur>'  any  air  or  moiMurvj 

adberinic  Id  tlie  mercury  or  the  bore  of  ibc  tube  ii  cipelled. 

The  distance  Be  is  equal  to  tlie  barofncinc  height.    Wli^n 

the  bacotnelric  pressure  increases,  ibe  mercury  rvies  in  ih« 

ckMcd  limb  and  &dli  in  the  open  limb  ;  and  iif  the  bore  of 

the  two  limbi  is  the  same,  ibc  movement  of  the  men.'ury  • 

surface  (ntcniscut)  is  the  lame  in  ibe  twx>  Kmbs  boi  in  op|iO'  | 

she  directions    Hcacr.,  if  the  mcrcuiy  rises  in  the  cloiedj 

limb  by  1  an.  it  will  also  £JI  in  the  ofjen  limb  by  1  cm.,  and 

ibcrebrc  ibc  diuanre  1>K  will  incre«jw  by  3  cm.,  tbat  is,  llw 

aUnospbcric  pntcsuie  will  bavo  tncrcawd  by  two  Ccniimetres 

uTmcrctux. 

If  ii  »cale  is  attached  to  ettber  of  the  tnbcK,  and  each. 

half-ccntiniclrc  is  m^irked  a  ccntimeirc^  then  the  rcadin| 

nt  unre  Ki"'es  the  beijcht  of  the  barwnrtcT.     Sinrr,  linwevet,' 

the  bore  of  n  f^M  lube  is  neicr  qtiilc  unifonn.  two  scales 

ate  Seed,  one  alnnK>ide  rath  limb,  having  ilirir  tetm  on  the  Mine 

hatunual  plane,  ihat  alun>;»i(le  the  clotted  limb  reading  ti|iward»,  and 
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that  alaogside  the  op«n  limb  reaclin),'  downwards.  Tlie  »uin  of  llie 
readings  corrcxpondin^-  lo  the  two  mercury  8ur£ic»  then  gives  tbc  hei|;hl 
of  ihc  mcrciiry  column. 

In  the  cistern  bnmmcter  the  tulie  is  stniight,  t)ie  oi>cn  end  dippintf 
below  the  nirfaccof  lame  mercury  conta I ncd  In  n  fairly 
wide  veMct.  Since,  n«  the  atmoEplierir  pressure  nlicrE, 
and  therefore  ihr  tirighl  of  llic  iiierirury  rolunin  alters 
mercury  eiilier  enters  of  kaies  ilie  lube,  llic  kvtl  of 
thv  mcrutiry  in  the  cislcrn  will  alter.  A»  it  would  be 
inconvenient  to  have  a  cistern  wllli  ^ucll  a  large  cria* 
section,  in  proportion  to  that  of  the  luhc,  iliai  such 
fluciiiaiioRt  in  the  (|uaniily  uf  mercury  contained  in 
ihc  luhc  as  occur  in  practice  shimld  not  af^predably 
alter  the  level  of  the  surface  in  the  cislprn,  n  device 
dnc  lo  Fortin  in  employed,  hy  means  of  ivhicli  the 
level  of  the  surface  of  the  mcrcur>'  in  the  ti-iicni  is 
always  brouKhi  back  to  a  fi.vcd  m.\rk  connected  to  the 
scale  by  which  the  hei);ht  of  llic  column  iii  measured. 
The  plan  adopted  is  shown  in  Y\^.  103,  and  cun^ists 
in  making  ihe  bottom  of  ihc  cistern  flexible.  The 
upper  part  of  the  cialern  ii  of  gl.iiS,  and  is  cemented 
to  a  boxwood  rinjt  A,  to  which  is  lied  a  ring  of  buck- 
skin n.  Tliis  buckskin  carries  a  wooden  bminn  (■, 
which  rtsls  on  ihe  point  of  a  screw  S,  and  forms  a 
flexible  bottom  10  the  cylinder,  so  that  the  surface  of 
ihe  mcirury  in  the  cistern  can  be  laiscd  or  lowered  by 
turning  the  screw.     A  small,  pointed  ivory  pin,  11,  is  fixed  to  the  top  of  the 

cistern,  and  the  yradualions  of 
the  scale,  Hliich  aie  usttally  en- 
graved  on  a  iTielal  tube  surmund- 
inp  ihe  gl;iss  b.iromcicr  lube, 
■  iiLjrii  from  tbc  point  of  this  pin. 
Ii-iiiie  ni  .iking  a  rc.idinj,'  of  ihc 
lilt-Ill  .1 II-  lif  ihe  mcrcuiy  in  ihc 
luU.,  \\\K  outface  of  ibc  mctciiry 
is  adjusted  till  it  exactly  louches 
tbc  point  of  llic  ivory  pin.  This 
:idjustment  vi  complete  when  ibe 
ymxw  of  ihc  pin  appears  jiisl  to 
tiiin  li  its  image,  .as  seen  by  re- 
llection  in  the  surface  of  the 
mcrcnry. 

The  aneroid  baromelcr  con- 
sisis  csseniially  of  a  cylindrical 
nriMal  bin  A  (Fig.  104),  ihc  lid  of  which  consists  of  a  thin  corrugated 
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metal  plate.  The  insi<lc  oi  itiis  box  ii  rxhauiicil  b}'  mcanx  of  a  piimp, 
Icat'jfip  n  mnn  or  I«M  perfect  vacuum,  anil  ihe  prcsuireof  the  nir.  lU-'iing 
on  lite  thin  cUttic  VkI,  bends  it  and  forces  it  in  to  a  certnin  cxiwii.  As 
ibc  pressure  of  ilic  atmosphere  varies,  the  .iinouni  of  flcMire  of  the  lid 
varies,  aivd  by  meaiia  of  a  iysivin  of  delicate  icver«,  c,  !>,  K,  ihU  rhatiKc 
tn  ilie  flexure  uf  tlie  ltd  ii  ^liown  by  tlie  luovetiwnt  of  11  pointer,  r,  ovrt  a 
|CraiIuat«d  scale.  The  steal  iiilvnntiiKe  of  an  aneroid  baroiiiciet  over  a 
mernirial  tiafometei  i»  Sis  piitcmc  portability.  The  scale  of  all  aneroids, 
howeier,  ha»  to  be  »el  vox  by  cmiipnTiTi^  ihcm  with  a  ineicurial  tiaroineter. 
13S.  CoiTectlonx  lo  Barotnctcr  Reading,— in  addition  t«  the  mi^ 
lectKWis  lo  reduce  the  height  of  the  inctcun-  colmnn  to  what  it  would  be 
am*  Cat  lalitutk  45*,  and  at  the  sca-lerc),  amrrecilon  h;is  to  be  applied 
\a  allow  ktt  the  expanxMHi  of  the  M'.nlc  by  mr^-ins  nf  whirh  the  bclglil  of 
Uie  column  it  meaiurcd.  If  t)ii'  sc.ile  is  correil  ni  »*  C^  then  at  all 
icmpctaturex  above  o'C.,  the  Icngtii  nf  the  dlHii^iont  will  bo  too^i'iu^ 
sinre  all  metals  inrrcaw  in  Icncilt  when  healed.  I,ct  n  be  the  coefficicM 
of  ttncarckpansionoi'ihcmet.kl  of  which  the  scalo  is  coinpined  (g  184),  so 
ihal  unit  Icntfth  of  the  scale  at  o'C.  becomes  i+aai  t'C>  and  i+n/al 
/*C.  If  if  i*  the  baromeiTie  height  as  measured  with  the  scale  at  h 
Ufnpcfaturc  I.  ibcn  the  hei|:hl  as  measured  with  the  *tal«  411  o'  wouM  be 
{[Tcater,  itnce  tlie  leoijlb  of  each  <liriii»n  of  llie  stale  wuiiM  be  leu  in  the 
ratio  of  I  to  1  -f  at,  to  titat  the  number  of  the  diviiioni  corrcspondinj;  to  a 
)[)ven  lenph  (/'f.  the  lcn);lh  of  the  mer<ruty  coIiimQ)  will  he  increavxl  In 
the  ratio  of  I  -f  n/to  1.  Hencc  if  A*  is  the  luromelci  reading  corrected  foi 
the  cxpcinMnn  of  the  Kale, 

A.-i,  (t+af). 

Nov  k,  it  th«  Iwight  of  a  coJiuiin  of  mercury  at  a  lemperaturv  /,  aivd  wo 
have  (o  find  «hai  would  be  the  liei^fhi  if  the  icnipeiatuie  of  the  mercury 
wcfco'C.  M  i/t'n  ilie  drnsiiy  of  the  mercur)*  at  /■,  ■/*  the  density  at  o', 
S  the  toeflicieni  of  ^.ubical  expansion  of  nwrcury  (see  §  t8i)).  and  //  the 
heigbt  wliich  the  column  "-ouM  have  if  the  mercury  weic  at  o*  C. ;  then 
iccof  mcr>niryalo'bec<imcii+5c.c,  at  i".  Iind  1  +  i!/ c.c  .at  r.  HeiK^ 
«ncc  the  mu>  ){  uf  the  mercury  remains  Ilie  same, 

wbero  }\  and  Vi  are  llie  volimies  of  ibc  mau  .(/  nl  the  tempeniures 
O'  aiMl  /'  TCkpeclivcIy.     'rherefnrc 

or    ^-_!. -i-^/+F/'+.&c 

Smcc  ^  is  an  exoraatvelv  small  quantity,  we  may  neelect  the  term  invoh-- 
'mg  I?  and  higher  powers  of  A.    'I'heiefoie 
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The  hFiiibt  of  a  column  of  liquid  supparte<i  hy  a  git«n  pressure  bcinK 
invenel)'  prnpcirtional  to  the  density. 

=  -*,(  I  +!»/){ 1-2/) 

-M"-{8-»W. 

if  we  mylcct  Ihe  lertn  lafl,  which  is  cKcct&ifcly  small. 

Forbniu  ■:  — .coooio,  nnd  for  mi^miry  ^-^ .000182. 

Hence,  for  a  mere iiry  baroinclcr  with  a  biass  scale,  the  f^r/«*v</ height 
corresponding  to  an  obicivcd  height  A(.  at  a  lempctaturc  I,  ia  given  by 

tt=hi\\  -0.0001&!/), 

This  hnK^l  If  rorreipmitJs  to  a  pressure  of  Hg  iJynps,  wliei-c  g  Is 
Ihc  ncccleralion  of  gr.ivily  at  tlic  pincc  of  obscn';iiion.  \i g^  '*  'lie  vnlue 
of^at  latitude  4 j*,  and  at  the  i>ea-lcvel, 

^  =  1  -  00026  COS.  sX  -  0,0000001/, 

whero  X  v,  the  latitude  of  llic  place  of  observalion  and  /  is  ibe  height 
alxne  [lie  sea-lcvcl  in  metres. 

If //,  is  llie  hci^'hl,  under  itaodarU  conditions,  which  correspond*  to 
the  same  pmxurc  a*  docs  //at  the  place  of  observation,  then 

or    H.'"^. 
=  A'fi  -aoooif>^)(i  -0.0026  1.-0*.  aX -0.0000001/). 

The  above-mentioned  corrections  arc  praciieally  common  10  all  mer- 
cury batomclers,  since  the  scale  is  alnioiit  invari.ibly  in.ide  of  brass, 
and  ihe  inaKnitudc  of  ilic  ciirrcclions  11  ilie  a.ittio  for  :ill  barometers 
under  the  winfl  condilionn.  Ther«  U,  howtvct,  a  torrcclion  which 
dcjiends  on  the  fact  thai  ihe  xurfiice  of  tlic  mercury  in  ilic  lulic  [nicnis- 
cu)i)  is  curved  nnd  not  plane.  Hence,  on  account  ofcapiltarily  (sec^  tfto), 
there  is  a  force  tcndinj;  to  depress  the  mcrciiry  column,  nnd  on  this 
ai-count  the  heij;hi  o(  ihc  cnlunm  is  lc*s  ihan  11  would  be  if  the  aliiios. 
pheric  pressuie  were  counter  balanced  l>y  the  wcijjht  of  ihc  colitmn 
alone:  The  amount  of  the  correction  to  be  applied  to  allow  for  lhi» 
capillary  dcprcKiion  of  the  coliinin  dc|K'ncU  on  ihc  ilianielcr  of  the  boic 
Df  the  tul>c,  and  fur  lulics  of  uhich  ihc  diameter  exceeds  2.;  cm.  11  cnii 
be  entirely  neglcc-icd.  The  rorreclions  lo  be  applied  to  barometer*  havinj; 
srnallcr  Iwrcs  are  given  below,  hiu  ii  must  be  remembered  that  these 
corrections  aic  only  .ippioximaie,  and  the  only  satisfactory  iiiethoil  of 
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findtiir  ihe  capillary  correction  for  a  barometer  i«  to  compsrc  its  reading 
arhh  Uiat  of  a  siandnn]  harotncter  of  which  the  bore  is  more  than  a.  5  cm. 
in  dam«tcr. 


Uanicier  of  Bore     . 
Capillary  Dcpreision 


0.4    on. 
OlI4  cm. 


oJ    cm. 
0^5  rm. 


I.I    cm. 
Ol03  cm. 
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In  e*«ry  case  the  c.-ipill.iry  corrceiion  musi  be  added  lo  ihe  ftbscrvcd 
heiK**!!  »'n<«  rnpillntity  tends  \a  git-c  too  low  a  value  for  ilic  bflroinetrtc 
height.  In  the  »yphon  baraiiider  the  eflects  of  capillarity  in  ilic  two 
limbs  tend  to  neutralise  euth  olber ;  but  »ince  in  one  case  the  iiicreury 
tnrface  is  quite  clean  and  exposed  to  a  vacuum,  while  in  the  other  case 
II  become*  coated  «'iih  dust  and  is  expoicd  to  air,  thii  cumpeoMition 
is  hj*  r.o  nwaiit  tomuiclc 

186.  Mechanical  Alr-Pump.— An  air-pump  U  an  inaiiument  for 
withdrawing  Ibe  air  from  within  a  vewel.  In  i»  simplest  fonn  the  air- 
pump  coiiMst*  of  a  cylinder  in  which  a 
pi«on  P  (Fig.  loj)  fits  iiir.tig:ht.  T)iere 
if  a  hole  ihmugh  the  piston  dosed  by 
a  flap  i-alre  c,  which  can  open  outwards. 
A  pipe,  the  opening  to  which  ran  be 
ctosed  b)-  a  falve,  B,  which  opens  inn-ardt, 
leads  10  the  vcMe)  U,  ihai  is  to  be  ct- 
bawled.  When  the  piston  is  dranii  ^^ 
npwatds  tlie  valve  c  cloies,  and  the 
pressure  below  ll«  |>i>lon  i*  reduced 
M>  that  tbe  air  in  the  receiver,  on  aircounl 
of  it*  rfamicity,  \\  aHc  to  raise  the  valve  n,  and  flows  into  the  cylinder. 
When  the  piston  dewenils  the  valve  n  closes,  and  ihc  air  in  the  cylinder 
t*  compressed  till  tl  is  able  to  force  open  the  valve  c,  and  escape  into 
tbe  air.     By  repeating  this  process  the  air  is  gni«Eually  pumped  out 

of  D. 

If  the  roJumt  of  the  vessel  ii  and  the  pipe  connecting  it  to  the 
eyiinder  is  I',  and  the  volume  of  tliai  part  of  the  cylinder  through  whkh 
ibe  lower  sur&re  of  the  piston  moves  during  a  stroke  is  v.  Tl>cn,  if  w« 
turn  with  the  piston  at  the  boitoni  of  its  sliukc,  the  volume  of  the  mass 
(m)  of  air  !n  t)i«  instnmtenl  ii  K  At  the  end  of  the  upward  stroVe  tlie 
vdame  of  this  mats  of  air  will  be  F+ 1-.  Of  this  volume  v  c.c,  will  lie 
etpdled  at  the  down-nrcAe,  and  V  c.c.  will  be  left  in  ilie  instrument. 
Hence  at  tlic  end  of  ihc  first  stroke  the  mast  of  air  in  the  receiver  is 

.f~-   m.    At  the  end  nf  the  second  ttp-slrake  the  volume  of  this  nttss 

tji  air  expands  to  f-t-r,  amI  during  the  down-stroke  v  cc  of  air  at  this 
density  are  cspelled.     Hence  the  mass  nf  air  at  the  end  of  the  second 

■unke  left  in  the  receiver  it   p^  of  the  mas*  of  air  in  ihe  reviver 
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m,  which  m«>-  be  K-rittcD 


nr.    In  the  Mtne  my  ibc  mius  of  air  Irft  after  three  strokes 


before  the  second  Mroke,  or  yx^ 

is  Ittt^)  <"•  And  generally  the  mass  of  air  left  after  n  slrokcs  is 
I  P+»)  "*■  '^'"^'^  ''■'^  mai&  of  gas  now  occupies  Kc.c^  it  follows  that 
ilsdcnsit}-  is  IpZi,)    ""'^^  wlnlc  the  original  density  was  mlV.    Ilenoe 

the  density  of  the  air  left  in  tlie  receiver  after  rt  strokes  is  (  77x7, )  '''■  "^ 

what  it  wj,s  originnlty.  From  this  expression  it  will  be  seen  that  wc 
cannot  make  iho  density  of  the  aii  ii-m  unlos  the 
number  of  strokes  i»  is  infinilc  If  ihc  original  pres- 
sure witliin  tlie  tucei%'er  is  /,  then  after  m  strokes  it 

/,      tn   practice,  however,  it  is  nol 


""'  ^  {/»)- 
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possible  10  obtain  a  very  low  pressure  owing 
to  mechanical  defects  in  the  construction  of  ihc 
valves,  to  leakage  round  ihc  piston,  and  to  the  fact 
that  the  piston,  when  at  tlie  bnttoin  of  its  stroke,  does 
not  completely  expel  all  the  air  in  the  cj'lindcr. 
Another  difficuliy  met  with  in  mecbanical  pumps  is 
that,  after  the  exhaustion  has  proceeded  a  certain  dis- 
tance, ihe  elasticity  of  the  air  left  in  the  receiver  is 
not  great  enough  10  lift  up  the  valve  b  (Fig,  ioj),  so 
that  the  air  left  in  the  receiver  cannot  escape  into  the  cylinder.  In  order 
to  overcome  this  difliculiy,  The  valve  is  often  carried  at  Ihe  end  of  a  rod  a 
(Fig,  106),  which  passes  through  the  piston  with  a  little  friction.  When 
the  [MSlon  starts  moving  up,  it  raises  llie  valve  A  as  far  as  a  stop  fixed  to 
the  top  of  the  rod  will  allow.  When  the  piston  com- 
mences to  descend  it  forces  the  valve  down  into  its 
seating,  and  thus  closes  the  connection  between  the 
cylinder  and  the  receiver.  In  this  way  the  valve  is 
opened  by  the  movement  of  tlie  piston,  and  not  by 
the  elasticity  of  the  air  in  the  receiver. 

In  the  Fleuss  pump,  which  is  shown  diagrammati- 
cally  in  Fig.  107,  the  difficulty  with  the  \alvcs,  and 
also  the  defect  that  in  the  old  form  of  pump  there 
is  always  a  certain  amount  of  clearance  Iwtween  ibc 
bottom  of  the  piston  and  the  cylinder,  so  that  all 
the  air  contained  nilhin  the  cylinder  is  not  evpelled 
during  the  downward  stroke,  is  avoided  in  another 
way.    The  piston  P  consists  of  «  metal  frame  with  a  leadjcr  bucket  l, 
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and  ItM  a  valrc  N,  whkb  opcos  npwaixb.  The  preiuirc  of  (h«  air  ««i 
ibe  upper  tide  of  the  pislun  preuFS  the  leather  ngainst  ihc  u-ati  of  the 
cylinder,  and  that  ensutes  a  close  fit.  The  valtc  a  nnly  ncis  when 
cxhauuion  conuncncei,  and  atw  lo  allow  any  oil  which  may  have  i-ot 
behw  the  piston  10  p«H  up.  The  piMon'ml  paM^s  through  iIk*  upper 
valw  B,  whkh  is  held  down  on  ihe  leatins  c  by  meant  of  a  sprinn  I, 
The  comiuunicatioii  v  iih  ihe  vcmfI  In  be  exhausted  ii  made  throirsh  the 
lube  G.  The  tube  r  i»  dciijincd  to  relieve  the  pitirni  dunn;;  the  firit  few 
ttrakct,  vhen  ntbcrwisc  thrrr  «niild  be  3  vacuum  below  and  atnioiphcric 
pre*»urc  abo»«.  As  the  pi»ton  ri^cs 
it  cuts  olT  coramtinication  with  c,  and 
Ihen  eompreuei  tlw  air  till  it  itrikes  £ 
the  valve  B,  Mhich  it  niiscs.  a!Ioirin|{ 
the  air  10  cwnpe.  The  whole  of  th« 
air  it  driven  out,  tonvc  of  ilic  oil  11, 
whkh  !■  above  ih«  pi  ton,  bcinj;  driven 
out  The  val^Y  does  not  close  lill  the 
platan  ba»  descended  about  1  inch,  so 
thai  some  of  Ihe  oil  abui-c  the  valv-e 
pcuses  down  to  the  top  of  the  piiton. 

197.  ■areuryAlr-Pumps -Avery 
good  niecbamcal  pump  mill  exhautt  a 
rrttri  till  the  prepare  of  the  remain- 
ing air  will  nipporl  a  column  of 
mercury  of  about  0.0;  millimelK  in 
heiglu.  In  order  to  i^ct  a  better 
vacuum  than  ihU,  it  is  nece««ary 
to  employ  a  pump  in  whkh  ilie 
pisian  is  farmed  by  a  ()uaniity  of 
mercnty.  Sprengefi  menrury-pump 
cantius  of  a  bent  glass  wbe  abc  (Fig. 
loB),  with  a  tide-tube  a  joined  on  at 
the  bend.  The  end  a  of  this  tube  is 
i-onnected  by  meini  of  a  thick-walled 
nibbcf  tube  with  a  rcMrixiit  e  coniain- 
lOf  mercury.  The  ^-cwd  to  be  e»- 
luuuted  is  connected  10  the  Mdc-tube 
|i.  KcneraDy  by  means  of  a  glaH  tube 
fiitin)[  by  a  ii<cU'ground  neck  into  ibe 
end  of  the  tube  n      This  tE^oond  joint 

11  Mrroundci)  by  a  gUu  cup,  »hoi(n  on  a  Urge  scale  at  t,  in  which  a 
luile  metcury  tt  plared  to  prevent  the  exienial  air  reaching  (be  joint- 
The  flow  nf  mercury  from  the  teaeT%-(«r  E  i»  ailjmtcd  by  a  pinchcock  on 
the  rubber  tube,  so  that  wlicn  the  mercury  rearhei  the  top  of  the  bent 
ubo  (shown  on  a  loii^r  scale  at  c)  il  docs  not  pus  over  in  a  continuous 
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8ir«ani,  bui  breaka  up  into  drops.  Each  droit,  as  it  &lls  down  die  tube 
B(.',  furtiu  A  small  piMOo  whkh  carrie*  a  liilte  of  Ihe  air  from  tlie  space  H 
before  tt,  the  air  in  ibe  vgu«I  niuclicd  to  D  esptuiding  to  take  it*  placr. 
I'beae  xmall  mernny  pislont  carry  iIk  air  down  the  lube,  and  findly  drive 
it  out  at  ibc  open  end  c,  the  mcicury  being  caught  in  a  vc»m;I  k,  and 
mumed  every  iiuw  usd  then  to  the  rewrvoir  %.  When  thecxliaunion 
is  KetliiiK  faiily  cumpkic,  each  mercury  peilet.  as  il  falls  do»n  tl.e  lube 
9C,  sirikei  Ihe  tup  of  the  mercoTy  calvmn  left  lii  the  lube,  >Uich  l>aa  a 
beitchi  pmclically  eiqiial  lo  the  barometric  height,  with  a  >liaip  metallic 
cbck.  When  Ihe  cthauttion  is  not  »o  coinpleie,  the  air  imprisoned 
between  each  pellet  of  mercury  acts  as  a  bulTcr,  and  there  Li  no  click. 
Tlie  object  in  carr^'ing  the  tube  from  the  rticrvoir  v.  to  m  down  to  k  is 
that,  Mippouns  the  supply  of  mercury  in  B  runs  sliort,  the  iiteicury  in  the 
conncdioK  lube  Rab  will  not  be  driven  over  by  ibe 
H  ft  atiTioipheric  preosurc,  and  thus  admit  the  air  lo  the 

/^=^        vessel  being  exhausted,  but  will  wmply  stand  so  that 
I  the  diffirrencc  in  le»'cl  between  the  surface  of  ihe 

^^         y        mercury  in  the  part  of  the  tulie  V.K  aud  that  in  the 
(fy\     I        pan  AU  will  be  equal  t»  the  barometric  height,  and 
this  column  of  mcicuiy  will  prevent  the  access  of 
the  air. 

Audthet  (brm    of  mercury. pump   is  shown    in 
\  /  '■'K-  ">9-  •""'  ""^  dei'isetl  by  'I flpler,     A  cylindrical 

\y_j>-J  I  k'-'^^^  vessel  A  has  a   side-liibe  «  allached,   and  lo 

C       ^  the  lower  end  of  this  tide-tube  is  niurlied  another 

lube  L'ti,  which  is  connected  to  the  vessel  to  be  en- 
haiisicd.  To  the  top  of  A  a  lube  i>(<,  about  Go  rm. 
Ions,  is  attached,  white  to  the  bottom  another  lube 
KF,  alio  about  So  cm.  loog,  is  attached.  The  lower 
end  of  EF  is  connected  by  a  length  of  rubber  tubing 
with  a  rettnoir  K  containing  mercury.  When  k 
is  raised  ihc  mercury  rises  in  fk,  and  when  the 
surface  reaches  C  tuis  off  ilic  «iniieciion  between 
Ihe  vessel  a  and  the  tube  CH.  K  is  raised  (ill  the 
mercury  completely  fills  a  and  flows  out  through  ii, 
driving  any  air  that  was  in  A  Ijeforc  it.  If  now  K  is 
loweitil,  »o  that  Ihc  surface  of  the  mercury  in  K  is 
more  than  ;G  an.  lielow  c,  the  mercury  will  fiill  in  A 
Fiu  wfi,  and  in  I>r.  till  it  stnncls  at  ilie  barometric  hei>;lit  in 

PR,  and  will  leave  a  Turricelhan  vacuum  In  A.  When 
the  mercury  in  EF  has  fallen  below  c,  the  lube  HC  will  be  connected  lo 
this  vacuum,  and  hence  the  aii  in  the  tube  He  and  any  vessel  atlachcd 
to  II  will  rush  into  a.  »y  again  raising  k  the  air  enclosed  in  \  will  first 
be  cut  off  from  til  by  the  rising  mercury  and  then  forced  out  of  the 
apparatus  at  O,  and  on  lowering  K  a  vanium  will  again  be  k-fi  in  *• 
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The  mcmify  b«tc  play*  ilie  pan  of  a  pision  innving  up  aai)  dowit  in  ihe 
cylinder  A,  nnd  conxtituiCft  iis  own  valves.  Uy  r<-ppjitiiig  this  op«niliiMi 
a  mimbcr  of  litiKs  ii  n  po««iblc  10  obtnin  A  vciy  good  vavuiim,  in  fact 
ihc  pr«»iure  inside  a  v*iwl  Iws  bren  reduced  to  oooooii  millimetre*  of 
iiicteury,  ilui  ii,  10  .oooooa>i6  or  .ui6  of  a  millionth  of  an  almoiphetc. 

13B.  EfTUslon  or  Giues.  -Supixisengas  of  density  y(i(i«  ihc  tiuui 
in  KTun*  of  a  cubic  ccniimcirc,  not  the  dcntity  an  compared  wiili  iKhi  of 
hydioRcn)  ix  endmcd  in  a  vessel  at  a  pressure  of/  dynes  per  square 
rentinictre  alxne  thai  of  the  surrounding  air,  and  ta  allowed  10  cicapc 
lhrou);li  a  small  opening,',  ihc  cn>4s  section  of  which  i«  a.  Then  if  :•  ii  the 
velocity  Willi  which  the  j-as  eitapes,  i.e.  the  velocity  with  which  a  small 
duit  mote  would  be  carried  through  ihc  opening,  the  vohinie  tA  f^ 
which  eicapet  in  the  unit  lime  ii  av,  and  its  mnss  i<  ^md.  The  kinetic 
ciMrgy  oTthi*  mnving  mau  of  ^s  is  \  av<l.v^. 

Sappo«e  that  a  cylindrical  tube  An  (Fig.  no)  of  cro»  section  o  were 
Ihied  owr  the  opening  in  the  vcsmI,  and  a  small  wcif-htlew  pitlon  n  were 
litled  in  this  tub«  and  moved  without 
fnctioti.  so  thai  as  the  gas  ocaped  this 
puton  vxt  drirea  ba<:lc  If  the  piston 
surts  in  the  porsirion  C.  then  at  (lie  end 
of  a  secoiul  it  will  have  arrived  at  a 
position  t>,  such  thai  the  distance  ci>  is 
equal  lo  i:  The  prcutire  acting  on  ihc 
inside  lurfacc  of  ilw  piston  exceeds  the  pressure  acting  on  the  nuiiidc  by 
af.  Hence  the  work  done  by  this  excess  ptessure  white  llic  piston  moves 
from  C  lo  ti  is  ti/  X  cu  or  afn:  This  work  will  be  done  by  lltc  expanding 
gas  lu  it  e»capei,  whether  u«  imagine  such  an  arrangeinefli  of  cylinder 
and  vretghtlesK,  frictionleu  piston  to  enist,  or  wliether  the  gai  simply 
csc^iet  into  the  air  without  any  such  contrivance.  It  it  cm-injt  to  the 
expenditure  of  this  work  (which  i»  done  at  the  expense  of  the  poleolial 
energy  of  the  compttsscd  gas)  that  the  cwaping  gas  pos'scsscs  kinetic 
energy,  and  tbe  amotiai  of  the  klitetic  energy  aopiiretl  is  nuinetically 
equal  to  the  work  done.     Hence 


± 


Fig.  iic^ 


Thi^  ei]iution  gives  the  algebraic  slatrmenl  of  the  lav*  which  tegvUte 
the  rate  at  whi^-h  ga»es  etiiisc  ihroligb  a  small  opening.  The*e  lavs 
were  lirsl  diicovmd  experimentally  by  Crahuni  and  vo  expreued  in 
words  as  (bllom  :\^Ttie  vclwiiy  with  wbidi  a  gu  elTuMS  v»ie>  directly 
■•  tlie  (C|uare  root  of  ihe  dilTcTente  of  pressure  on  the  two  sides  of  the 
i^icningi  and  Inversely  ai  the  »iuare  root  of  the  density  of  the  gas."7 
Hence  i(  foOows  that  if  two  gases  are  allowed  to  cSusc  throOpi  the 
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same  opening  under  the  wime  difference  of  pressure,  then  the  «locilies 
of  effusion  of  (he  jin»e«  will  he  inversely  (o  one  Another  &%  tli«  it|iiare  ttsaxs 
of  (heir  densities,  or.  nhai  amountii  to  the 
same  thing,  the  tlensiiie*  of  the  two  gases  will 
be  to  one  another  ac  the  »|uarc  of  the  times 
in  which  cquat  volumes  of  the  two  gases 
cicape  [hroD^h  ilie  same  opening  under  the 
same  excess  of  pressure. 

This  property  of  the  effusion  of  gates  has 
been  uiilised  by  Uunsen  to  comp-tre  tlie  den- 
hities  of  ga^c^.  The  instrument  he  used  for 
the  purpose  is  shown  in  Kig.  111.  It  consists 
of  3  cyliiidric;*!  glass  vessel  A,  closed  ai  one 
end  by  a  stopper  s.  At  v  a  ihin  platinum 
patiiiioD  coDiplerely  closes  the  neck  of  the 
tube,  but  is  pierced  wnh  a  small  hole  about 
0,013  inm.  in  diameter.  The  gas  under  ub- 
servatior)  i»  enclosed  in  A,  which  is  inserted  in 
;inothcr  veixcl  containing  mercury  tn  such  a 
depth  that  the  lop.  r,  of  a  glass  float  is  on  a 
level  «'ilh  the  outside  surface  of  the  mcitury. 
The  stopper  S  is  llien  removed,  -nnd  the  lime 
noted  that  it  takes  for  sufficient  gas  lo  escape 
through  the  hole  in  the  platinum  plate  (u 
allow  the  flu.-ii  to  rise  till  a  mark  at  /  is  level 
with  the  surfiice  of  the  mercury.  Then  the 
limes  oblained  niih  different  gases  are  one  tn 
another  as  ihc  squares  of  iheir  densities. 

The  difference  in  the  mtcs  of  effusion  of 
two  ^ases  is  sometimes  uscil  to  separate  them 
when  they  occur  as  a  nii>:ture.  Thus  by  pass- 
ing atmospheric  air  through  a  number  of  clay 
tobacco-plpii  ilcms,  ptftced  one  after  the  other,  a  vacuum  licing  main- 
tAtned  at  the  outside  of  the  tulles.  Kayleigh  and  Ramsey  were  able  to 
separate  argon  from  nitrogen.  The  density  of  argon  being  about  V3  and 
thai  of  niliogCR  ij,  we  have— 

f  tnitrogcn)_     /??_ 
'  V  (argon)       V  14"'*'* 

xo  that  the  nitrogen  passes  thmiigh  the  clay  1.3  times  foster  than  the 
ar^on,  and  the  gas  which  escapes  from  the  end  of  the  pipe-stems  is  richer 
in  argon  than  ordinary  aimosphetic  nitrogen.  This  mcihod  of  separating 
gases  is  called  aimolysis. 

139.   DlfTuslon  of  Oases.— If  two  ei|u.il  bottles,  one  comaining 
hydrogen  and  the  other  carbon  dioxide,  are  placed  mouth  to  mouth,  the 
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bonis  conuining  the  hydra|[ca  being  on  the  lop,  then  after  n  certain 
time  it  will  be  found  ihai  liaW  of  the  hydrogen  lias  travelled  down  into 
the  lower  bottle  and  halt  of  the  carbun  dioNridc  hai  asccndcii  inin  the 
upper  bottle:,  and  this  in  apile  of  the  fact  thai  the  d«Dsily  of  (he  carbon 
dioxide  it  twcnty-toixi  limes  as  great  ax  thai  of  the  h)'droi;cri.  This 
pbcBomenon  it  railed  the  ditTiiiion  of  ^luet,  and  vie  notice  iliat  aAer 
diAiaion  tt  coinplete  the  proponion  of  each  ga^  in  each  of  ilie  two  bottles 
b  the  same  as  it  would  be  had  one  of  the  bottles  tilled  o-iih  either  of  the 
^4e«  been  connected  10  a  Mcond  eqtial  boiUe  whidi  had  been  e\-acaatetL 
Hence  it  is  usual  to  &ay  thai  one  ga!  diiTuites  inio  a  space  vhlcJi  is  filled 
vfith  another  gas  jusi  as  if  this  other  gas  <lid  not  cxitt.  The  only  effect 
of  the  presence  erf  the  secood  gas  is  that  the  difTusion,  instead  of  beii 
almoit  itwiantnneons,  at  it  would  be  in  the  case  oif  a  vacuum,  takes  ianv6 
tinw  to  become  romplcic.  It  also  Ibllowt  that  in  the  caM  of  a  vessel 
Klled  with  a  nti.ittiie  of  gases,  each  gas  exerts  the  same  pressure  as  tt 
oroutd  exert  if  it  were  alone  present,  so  that  the  tola!  pressure  is  the  sum 
of  the  pressures  exerted  by  the  two  gases  (Ualion's  law).  Of  course,  in 
each  of  the  above  cases  it  is  presupposed  that  the  gases  do  not  exert  any 
chemical  action  on  one  another. 

It  is  on  acxrount  of  difliuion  that  the  proportions  of  nitrogen  and 
oxygen  in  il»e  ait  are  the  same  at  all  elevations,  there  being  no  excesi  of 
the  heavier  constituent  (oxygen)  ht  low  levels  or  of  the  lighter  coiuiitueni 
high  upL 

If  the  iwn  bolllm  cnntaininK  hydrof^en  und  cftrbon  dioxide,  instead 
of  being  placed  with  iheir  open  rnoiiths  in  caniact.  are  separated  by 
plaio  which  is  pierced  with  a  number  of  small  holes,  such  as  a  pice* 
of  ungUied  porcelain,  llicn  difliision  will  stilt  go  on.  First  consider  the 
liydroKeti ;  since  the  bottle  containing  ihc  cjrbon  dioxide  acts  aa  a 
tacmun,  the  hydrogen  will  pass  lhiDU(;h  tlie  pores,  and  the  velocity  with 
wfakh  it  paues  will  be  gi^-en  by  the  same  cxpicsdoD  as  that  found  for 
the  efliisioo  of  a  jtas  in  the  previous  section.  Hence  the  ntic  al  whkh 
ibc  hydrogen  puses  is  directly  proportional  lo  the  square  root  of  lh« 
puiial  prcsMrc '  exerted  by  iIk  hydrogen  in  the  hydrogen  bottle,  ami 
■nrentcly  proportional  lo  the  square  root  of  the  density  of  hydiO);en.  In 
the  saim:  way,  tlie  me  at  which  iIm  carbon  dioxide  pusses  through  tli« 
ponNi*  plate  will  be  directly  proportional  lo  the  square  niot  of  the  partial 
pmsUTC  e:xcrtcd  by  the  carbon  dioxide,  und  inversely  pmporiion.-U  to  the 
•qtiare  root  of  the  density  of  the  carbon  dioxide.  At  the  commencement 
the  partial  pressure  due  to  each  gas  in  its  own  bottle  is  equal  to  th« 
atmoapberk  preMure.  Hence  live  rate  at  which  ihe  h>'drogen  itartl 
dAiMoy  into  the  carbon  dioxide  t*  to  the  rale  at  which  the  carbon 
rfioride  difliiscs  into  the  hydrogen  as  tbe  square  root  of  the  density  of 
catbon  dknide  is  to  the  square  root  of  ihe  density  of  hydrogen  ;  or  if  V| 

'  R]rpBnkl)irnBan>  It  nuruii  ibtf  (immn  <*b£<hH>oaM  berxcfwdby  liwhj'drafM 
•kMMv  wtvow  t^  earlno  dbxide  ahich  ti  iniial  wllti  ttie  bjikopn  sere  nmonsL 
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and  </|  arc  ibe  nue  of  dilliulon  of  the  hydrogen  at  ilw  start  and  itt 
density,  and  n^  aad  <^  are  Um  corresponding  quanlitks  for  the  taibon 
dicMide^  tben 

Hence,  as  tlie  density  of  carbon  tlioxicle  (f/^)  ti  greater  ihau  lliat  of 
hydruKen  ((/,),  Ibe  hydrogen  will  difluw  more  quickly  into  tlie  bottle 
containinjc  cjirhnn  diuxidc  than  thU  g;it  ran  diffu.i«  ioto  the  hydrogen 
boille.  As  k  rcfuli,  the  loul  pt«»wrc  in  the  cjkrbon  dioxide  bottle  o-ill 
become  greater  t)ian  one  aintotpherc,  wliile  tliai  irt  the  hydrogen  bottle 
will  be  lew.  The  actual  prewure  cau»inx  dilTiuioii  being  tbc  diffcrcDce 
between  the  partial  pressures  of  the  gii'er  gas  in  the  t«x>  boiilc«,  ibc 
acting  pr»»ure  in  the  case  of  the  h)-drci];cn  nill  decrease  more  quickly 
than  in  the  case  of  the  carbon  dioxide,  and  on  (bis  account  the  r.-ite  of 
diffiuion  of  the  hydrogen  n-ill  decrease  more  rapidly  than  that  of  the 
carbon  dioxide.  When,  if  the  !•«  bottles  ace  of  equal  volume,  half  of  each 
gas  has  passed  ovtr  into  the  other  boiile.  the  partial  preMures  exerted  by 
each  gax  nn  each  side  of  the  porou*  partition  will  be  equal,  and  hence 
diffusion  will  cease. 

140.  Absorption  of  Oasas-OeolUSlon.—  Liquids  arc  able  lo  diMolve 
liasei  even  when  they  <io  not  enter  into  any  chemical  combination  with 
them.  The  volumt  of  gas  wliith  the  unit  of  volume  of  any  given  liquid 
can  absorb  ilcpcnds  on  the  nnturcof  the  gas  and  on  the  lenipcniture  of  ihe 
liquid.  Tlip  number  of  units  of  volume  of  a  gas  which  can  be  abtorbcd 
by  unit  volume  of  a  given  liquid  at  ij"  C.  is  called  the  absorption 
coetTirieni  of  the  tiiiuid.  The  absorption  coelTicients  for  some  gases  in 
water  nic  as  follows  :— 


I 
I 
I 


Ammonia    . 
Carbon  dioxide 
Hydrogen    . 


Chlorine 

Oxygen 

Nitrogen 


=4 

CMJ3S 

0,017 


Since  a  hqu.d  (-.-.n  .-.bsorb  a  certain  tW««,^  of  ft  given  gas,  it  follow* 
that  the  mass  of  the  gas  absorbed  by  a  given  volume  of  liquid  depends 
nLl  r""''"™  ',"  '"^"''  '^^  K«  *"«•  'i<t"id  are  snbjecfed  :  f.IT.he 
ZVZ  ^■""  "tT^  "'  "  ^-^^  '^  acooTding  to  lloylc-s  la,.,  pn>portional 

■t  can  of  a  K'v*"  Kas  at  a  givn  pressure,  the  pressor  U  rrd„  c7lhe 
excess  gas  „l«,ve  .he  qoan.ity  whir],  would  U  .bs„,l,.d  Tt  "l.t    new 

water,   bottled   beer,  champagne.   &r.       In    each    ciisc   the    liquid   has 
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:ib«oibcc1  carboc  diaxtde  (tat  M  a  high  pressure,  und  when  ihe  bottle  i« 
opcnn)  t)i<:  cxceu  gu  is  cvxilvcd,  and  icives  rise  to  the  to-callcd  tpnrkle 
oflbi:  liiiuid. 

Mtiiils  jueh  as  stk-er  and  (fold  are  capable;  wlieo  in  the  molten  con- 
(liiiun.  of  abcorbing  ga*  from  ih«  air,  just  a»  other  liquids  :  this  k^s  being 
(-■vclvcd  when  ihc  metal  solidilietL 

Some  ii>ct.ils,  notably  pallndium,  are  able  to  absorb  very  UrRC  volumes 
of  hydroRcn,  e\ett  when  in  the  solid  states  Thus  if  a  slip  of  palladium  is 
med  as  ibe  neijative  pole  in  the  elecimlysis  {%  539}  of  a  dilute  soliii><m 
of  sulpbutic  acid,  it  will  absarb  about  900  linies  its  owri  s-olume  of 
h]nlr«{[en  gas.    Gases  absorbed  by  solids  are  taid  to  be  occltjded. 

Afanost  aU  solkl  bodies  possess  the  poner  of  condensing  gases  on 
their  surface,  so  that  after  bdnji  surrounded  for  srnne  time  by  a  gas,  a 
solid  bcicofivcs  coated  on  the  outside  niih  1  layer  of  this  condensed  gas, 
which  cannot  be  iintnediatcly  rcmos-ed  by  itiprely  placing  the  solid  under 
the  receiver  of  an  air-pump  and  producing  a  vacuum.     In  order  10  com* 
pleiely  remove  this  gaseous  L-o^iin^,  it  ts  necessary  to  beat  the  iolid  irhile 
it  is  in  a  vacu«m,  or  to  rub  the  surface  with  akxihol.  or  some  fine  powder. 
soch  as  tripoJL    The  amount  of  gas  which  can  in  this  way  be  occlwled 
depending  on  the  surface  of  the  solid  exposed,  ii-cry  p»rous  bodies,  such 
as  wood'clurcoal  and  platinum -black  U'.f.  lincly  divided  platinum  obtained 
by  beating  pUtinic  chloride),  in  which  the  surface  hears  a  ver>-  birg«! 
ratio  to  the  mass  of  the  btKly,  are  able  to  occlude  comparatively  lar]t«1 
i|uantitics  of  sotnc  gates.    Thus  freshly  healed  (in  order  10  free  it  of* 
occluded  air)  box-charcoal  will  occlude  about  ninety  times  its  volume 
of  amnMnia  gas. 

141'.  KloetLo  Theory  of  Gasos.— The  phenomena  of  diffusion,  in 
which  a  heavy  gas  will  nwi-e  upwards  and  mix  with  a  lighter  gas  placed 
abore,  and  this  lighter  gas  will  move  down,  show  that,  although  such 
amounts  of  the  gas  as  we  arc  .-ibic  to  sec,  and  particles  of  dust  suipended 
in  the  gas  appear  at  test,  yet  there  must  be  some  kind  of  movement 
going  on  oootinuousty  wiihin  a  mass  of  gav  Wc  have  seen  that  the 
most  probabtc  theory  of  the  constitution  of  matter  is  to  suppose  it  built 
up  of  line  particles  or  molecules.  The  kinetic  theory  of  gases  supposes 
that  in  a  gaa  these  DMkcules  are  endowed  with  a  motion  of  tr^uislation, 
and  that  tlie  spaces  between  adjacent  molecules  are  faitly  great  mtn- 
pared  with  the  sire  of  the  nvolccules.  Wc  may,  as  a  firvt  approxinuiiion, 
consider  that  ihc  molecules  are  bard,  elastic  spheres,  each  molecule 
having  a  deliniic  mats,  and  that  a  ga&  consJus  of  an  enormous  number 
of  Ibese  small  spheres  moving  about  in  alt  dircctimis  with  dilfcreni 
nlodlies.  During  its  nMn-cment  each  molecule  will  occassonally  collide 
witli  anotlier  tm^ecule,  the  two  rcbonadii^  after  colhsion  like  two 
billiard-balls  ;  also  some  of  the  molecules  will  be  continually  siiikii\g 
iha  walls  of  the  vessel  containing  the  gas,  and  reboanding  from  them. 
In  the  Iniervals  between  its  impacts  with  otiier  molecules,  or  with  the  , 
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walh,  cjtch  molecule  will  travel  in  a  tuaighl  line,  so  ihat  the  path  of  a 
mol«^ilL-consi:ti<iof  aii)^g  tine-  On  account  of  their  frequent  roUi^ions, 
the  vetocliiea  of  the  difliMcnt  inolcculet  niuat  vury  tunsidcrably,  Mii  alw 
the  vclociiy  iif  any  given  molecule  at  dilTvieot  times.  Hence,  in  in»-C4ii- 
Katinfc  the  properties  of  gAses  aeconlmg  to  this  theory,  we  have  to  utlopt 
uli.1l  i$  cnlled  the  staiislicol  mclhoti.  in  thU  method  wc  do  not  coniider 
the  behaviour  of  one  particular  molecule,  hut  «c  i.ike  such  a  larBe 
number  of  molecules  into  con  si  delation  that,  allhoiiKh  the  velocilie*  of 
individual  iDoIecules  ina>-  vary  considerably,  the  mfan  velocity  of  all  the 
molecules  ooniidered  at  any  moment  will  be  ilie  same  as  the  uifan 
^■elocity  of  the  wme  moleculei,  say  one  second  luter,  or  will  be  the  same 
ut  ihe  nttoH  velocity  of  an  equal  number  of  oiher  molecule*  of  the  same 
lias  taken  under  the  same  rondiiions  of  temperature,  pressiirr.,  &c.  As 
an  illustration  of  such  a  mcthiid,  suppose  cloth  had  lo  he  bouKhi  10 
cloilie  an  araiy  of  a  million  men,  then,  although  the  clothes  made  would 
be  of  many  siies,  it  is  certain  that  the  quantity  of  cloih  used  from  year 
to  year  for  this  purpose  would  be  the  same,  and  ue  could  calculate  what 
is  the  quaniily  of  clolh  required  to  clothe  the  aveiiise-siied  soldier. 
Instead,  therefore,  of  aiiempiinK  to  allow  for  the  vaiious  velocities  of  the 
diflcrcnt  molecules,  wc  shall  suppose  that  they  all  move  with  the  mitin 
of  their  actual  velocities.  In  the  same  way  the  lengili  of  the  path 
traversed  by  each  molecule  between  successive  collisions  varies  (;rcalty 
from  time  lo  lime,  but  under  given  condiiions  ihe  mean  length  of  the 
path  beiwcco  successive  collision!>,  or  the  mean  free  palh,  as  it  is  called, 
will  for  any  large  number  of  molecules  be  the  s.itne,  under  similar 
conditions. 

142*.  Pressure  Exerted  by  a  Gas.— Suppose  that  a  molecule  of 
mass  m  moving'  with  a  speed  ('  implnj^-es  at  li^-hi  anj^'tes  on  a  solid  sur- 
face, then  it  will,  if  it  is  perfectly  elastic,  rebound  with  a  speed  V,  but  in 
the  opposite  direction.  The  change  in  momentum  of  the  molecule  due 
to  the  impact  will  ihercforc  be  imV.  Hence,  by  Ji  60,  the  impuhe  of  the 
How  on  the  surface  is  smV.  Suppose  now  we  have  a  ccit.iin  mass  of  a 
j;as  enclosed  in  an  envelope,  which  for  simplicity  we  may  lake  to  be  a 
cube  having  each  edge  one  ccntimelic  lon^'.  Tlie  iniilecules  in  this 
vessel  will  be  moving  in  all  directions,  but  we  niay  resolve  the  velocity 
of  each  molecule  along  three  directions  parallel  10  ihe  mutually  perpen- 
dicular edges  of  the  cube  ;  ur,what  comes  to  the  same  thing,  if  the  number 
of  molecules  is  very  great,  we  may  suppose  that  one-third  of  the  total 
number  of  molecules  are  moving  parallel  to  each  of  thetc  three  edges 
with  the  mean  rclocily  V,  Under  these  circumstances,  the  molecules  ol 
each  group  ate  moving  parallel  to  four  faces  of  the  rube,  and  therefore 
will  not  impinge  on  them  ;  they  will  only  impinge  on  the  two  faces  which 
arc  31  right  angles  to  their  direction  of  motion.  If  we  consider  one 
molecule  of  one  of  these  groups  moving  with  the  vclor.ity  V,  then  the 
interval  between  two  coiuectitive  impacts  of  this  molecule  on  one  of  the 
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face*  will  be  the  lime  taken  by  thu  molecule  to  travel  10  the  oppotiic 
bee  of  ibc  cube  ami  bark  iiKain,  th.it  is,  thiough  a  dislancc  of  |ut)  r«nli- 
metre».  Hence  the  inier>-al  bcin-ecn  two  miuecuiitc  inipactft  an  the 
&CC  will  be  lit-',  sixiA  ihcie  will  be  I'ji  impacis  on  ihc  face  by  (his 
motecule  m  each  Mcond.  TIk:  impuUc  acting  on  the  fac«  due  lo  each 
impact  being  -imV,  the  loUl  imptilse  durin}[  a  Mcond  will  be  mV,  which 
it  what  would  be  produced  by  the  action  of  a  coDlinumu  force  m  V\  kikc 
the  iiupuhc  of  ihii  force,  if  it  acted  for  one  second,  would  be  m  P*>e  1. 
If  tbe  total  number  of  molecules  per  cubic  centimcUe  at  the  given 
prennre,  St,  b  A',  then  sinte  A','3  molecules  may  be  considered  at 
moviflj;  parallel  to  the  one  conndemt  above,  the  toial  force  Mriinji  on 
the  (ace  will  be  \lVmy'.  Since  this  force  acts  on  unit  area,  if  >H»  tbe 
prentire  whkh  ibc  gas  escru  on  the  cuntaininK  wall,  then 

Now,  since  (here  are  by  uippoiiiion  yV  tnoJccule*  in  ihe  cubit  cenii- 
meire.  and  ibe  niass  of  each  tnoleoile  is  w.  the  total  mau  of  the  ipu 
tt  m.\,  but  the  mass  of  unit  volume  of  a  body  i*  the  density  ;  hence,  if  /> 
is  the  density  of  ibe  gai, 

or  ^p=  F*/3. 

Now  according  to  Boyle's  law  ^"^consLant.  iff  is  the  volume  of  a 
given  mass  of  gia.  But  the  denuty  of  the  gsn  is  equal  In  J/jf,  tn 
V''Allp,  so  (hat  for  a  xii-en  ma&s  of  gas  the  volume  is  inreisciy  pro- 
poniortal  to  the  density,  and  no>*le'i  law  may  lie  wriiicn 

/>  — constant. 

Hence  we  see  that,  if  Boyle's  law  holds,  Ibe  mean  velocity  of  the  molecules 
t'bconstanL 

Frmn  the  «(|uaiiaa  '''^^  •  the  value  of  P'can  be  calculated  if  we 

know  the  density  of  a  gas  ai  any  given  pressute.  Since  the  value  of  V 
is  inversely  proportional  to  the  square  root  of  the  density,  this  result 
enables  us  to  see  why  il  is  that  the  tale  of  diffusion  of  a  gas  is  inversely 
as  tbe  square  root  of  the  density. 

In  tbe  following  table  the  values  of  V,  ai  a  lempetatuie  oro*  C^  ajra 
IpvcB  Ibr  some  (T^m  : — 

Hydrogen 185900  cm.  per  sec 

Ntlroiren 49100     „        „ 

Ofyit*" 46>a>     „        „ 

Cartrnn  diondc  .    39600     „        „ 

H8*.  Avogvdro's  L»W.— If  we  have  two  iirascs  under  tbe  same 
iMsiure,  and  at  the  same  lemperatiue,  Aj  bcins  tl>e  number  of  mole- 


* 
* 


172 


MtckanUs  and  ProfiertUs  of  MatUr 


[SN3 


culu  per  unit  volume  nf  one  gas,  wi,  the  mass  of  each  molecule,  mid  V^ 
the  mean  >'elocity  of  Imiuiaiion  of  the  molecule  ;  .Vj,  Wj,  and  I'j  beiiiK 
the  corresponiling  quantities  for  ihc  olhcr  gas.  Then,  since  the  prrssuie 
it  the  same  in  ea<*h  gdfc,  wc  have,  from  the  tciull  obtained  in  llie  pccvibut 
section. 

Now  Jw,  V^  i«  ihc  kinetic  enet|[y  of  one  of  llie  molcctilfri  of  the  first 
gas  when  il  is  movinR  with  ilie  mean  velocity.  The  mean  kineiii. 
cnci^y  of  the  molecules  depends  on  tlic  lempeniiure.  as  "-e  shall  ice 
later  on. ,  Also,  if  two  yasert  are  al  the  same  tcm petal iicc,  the  mtan  value 
of  the  molecular  kinetic  energy  inusi  be  the  some,  for  iiilicrwise,  when 
they  arc  iniwid,  *incc  now  by  roliisions  between  tbc  molecules  the  kinetic 
enctKy  would  become  equalised,  the  lempcralurc  would  .liter.  Thus 
the  mean  kinetic  energy  being  the  siime  for  tlic  gases,  if  ihc  temperature 
is  the  *amc,  we  have 

Combining  this  equation  with  equation  (i)  al>ovc,  wo  t'et 

or,  under  ihc  same  condition  of  pressure  and  icmperalurc,  equal  volumes 
of  alt  gases  contain  an  equal  number  of  molecules.  This  hiw  was 
enunciated  by  Avogadro,  who  was  led  to  il  by  purely  chemical  con- 
sideration«. 

The  effect  of  lenipcraiure  on  the  movements  of  the  molecules  of  a  gas 
will  be  considered  in  (he  section  on  Heat.  Space  and  the  scope  of  this 
book  will  not  allow  of  our  pursiiini*  the  subject  of  the  kinetic  theory  of 
guiei  any  further,  and  wc  muil  refer  reader*  for  fiirlher  information  on 
the  subject  to  Clerk  Maxwell'*  "  Theory  of  Heat,'  or  Kistccn's  "  Mole- 
cules and  Molecular  Tlieory." 
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PROPERTIES  OP  LIQUIDS 

144.  EqnUlbFlum  of  ft  Liquid  at  Best.— In  the  nsc  af  a  liquid 
iit  resi  under  llw  infiucncc  oCgraviij-  ilw  (tec  Mirfncc  must  Iw  horiionial. 
If  il  n«tc  inclined  to  ihc  boriion.  tbfti  ihe  weight  of  n  ponirlr  i-  (Fig. 
It:)  of  the  liquid  at  ibc  surbcc  u-ould  hnvc  a  componcni  pntalkl  to  ihe 
niibcc  »f  ihc  Hquid.  Since  ili«  sur&ce  is  cvci^whcic 
at  the  same  pressure,  there  vould  bn  nmhing  in  the 
nature  of  a  hy<l rntl.it ic  prrssurc  to  resiu  this  force, 
and  a*  th«  liquid  itiHr  would  otTcr  no  resistance,  the 
panicle  P  woukl  nKiv«  along  t)i«  surface,  and  heitce 
the  liquid  would  not  be  at  rest 

Atthough  a  cMnparatively  unnll  wiiiice  of  a  liquid 
is  for  all  practicid  purpom  plane,  it  is  not  absolaicly 
so,  and  iirlicn  denting  with  large  suifaoes,  thu  departtire  from  plane- 
ncM  becoinei  appreciable.  The  condition  that  the  pntticle  P  (Fig.  i  tj) 
!d)ould  be  at  rest  is  that  iIm-  line  of  action  of  the  aitraciion  of  gravity 
on  P  ihould  be  luinnal  to  the  surbre  at  K  Hence  the  surface  of  a 
liquid  is  alwaj-K  normal  in  the  radius  of  th«  earth  at  llie  point  con- 
sidcted,  and  therefore  formt  part  of  a  ftpl>eT«  having  Ihc  eaitb'*  tadiux 
as  radius.  The  fact  that  iIk  surface  of  a  liquid  is  alirays  borinintal 
is  made  use  of  in  the  spirit-level.  This  consitis  cMentially  of  a  gbM 
tube  ABC  [Fig.  113).  which  is 
slishtly  bent,  and  fitted.  »>th 
the  convex  surface  upwards, 
in  n  frame  de.  Tins  Itilie  is 
closed  at  ciilier  end,  and  is 
tilled  wiib  akohol'  except  for 
a  bubble  of  air  li,  which  is  left  in.  This  bubble  constitutes  the  only ' 
free  surface  ot  Oi«  liquid,  and  it  always  ten  itself  at  the  higheu  point 
of  the  cun'cd  tube.  Hence,  if  the  tul>c  is  I'lxwi  in  the  frame  in  such 
A  way  that  when  ibc  loner  sui&ce  of  ttic  frame  is  hotiionial  ibe  hitihcsi 
|)oitit  of  iIk  bent  tube  is  opposite  n  fixed  marl  on  the  top  of  ll>e  tube, 
ilipii.  whenever  tbr  hubbte  is  opposite  tills  matk,  the  lou-er  siirfai^c  of  the 
stdiul  Bill  l>u  hoiifonial.  If  one  end,  say  r.,  is  tilteil  up,  then  ihc  marlcedj 
point  of  tbe  tube  is  i»oIoih;«t  the  bigbcti.and  the  Inibblc  movei  towards  B.^ 

>  Aloobol  to  whI  on  acoount  of  lis  cUnnE  molillliy. 
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146.  Level  of  Liquid  Siirfiuw  In  Coramunieatlnff  Vessels Sup- 
pose a  U-tube  ABC  {Fig.  114)  has  the  same  liquid  in  either  limb,  then 
the  two  surfaces  a  and  B  will  be  in  the  same  horiiontal  plane.  For 
if  we  consider  a  point  d  within  the  liquid,  at  a  depth 
Aj  below  the  sur^ce  at  A,  and  at  a  depth  A,  betow 
the  surfoce  at  c,  then  the  pressure  at  D  must  be 
the  same,  whether  caused  by  the  column  ad  or  the 
column  CD  ;  otherwise  the  liquid  would  move  towards 
the  side  on  which  the  pressure  was  least.     Hence 

where  />  is  the  density  of  the  liquid. 

By  an  exactly  similar  line  of  argument  it  can   be 

shown  that  the  pressure  at  any  pair  of  points,  one  in  either  limb,  is  the 

lame  if  these  points  lie  in  the  same  horizontal  plane. 

If,  instead  of  having  the  same  liquid  in  both  limbs,  one  limb  ab 

(Fig.  115}  contains  a  liquid  of  less  density  than  that  in   the  other; 

then,  if  B  is  the  surface  separating  (he  two  liquids,  from  what  has 
been  said  in  the  previous  paragraph,  the  pres- 
sure at  a  point  D  in  the  denser  liquid  in  the 
same  harizontat  plane  as  b  must  be  equal  to  the 
pressure  at  B.  Hence  the  pressure  exerted  by 
the  column  ab  of  the  one  liquid  must  be  equal 
to  the  pressure  exerted  by  the  column  CD  of  the 
other  liquid.  So  ihai,  if  A,  and  A,  are  the  heights 
of  these  columns,  and  p,  and  p|  are  the  densities  of 
the  liquids,  we  have — 
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That  is,  the  heights  of  the  columns  of  the  two  liquids  abo^'e  the  level 
(if  their  common  surface  are  to  one  another  inversely  as  the  densities 
nf  the  liquids. 

146.  Density  of  Liquids.— In  order  to  determine  the  density  of  a 
liquid,  the  muss  of  a  known  volume  must  be  measured.  If,  however,  we 
know  the  density  iif  .iny  given  liquid,  say  «aier,  then  we  can  find  the 
density  iif  any  olhtT  liquid  by  compiiring  the  mass  of  any  volume  of  Ihe 
liquid  with  ih.il  of  the  same  vulume  of  the  standard  liquid. 

The  density  of  water  has  l>een  determined  by  Mace  de  L^pinay  with 
(;reat  aiiiiriuy,  by  a  nietluid  (li-pendinj;  on  the  principle  of  Archimedes. 
A  cube  of  qiiiirti  was  prepared  and  its  volume  obtained  by  measurement 
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PROPBRTIES  OP  LIQUIDS 

144.  Equilibrium  of  a  Liquid  m  ResL— In  ihe  cat«  of  a  liquid 
M  rcsi  under  ihe  influence  of  gratiiy  ihc  Irw  surface  m«M  be  hoTiiontal. 
If  it  u-crc  inclinc<l  to  the  horiiOD,  then  the  welkin  of  a  particle  I"  (Fi^. 
\\2)ai  the  UqiiK)  at  the  aurfkoc  would  liav«  a  coiiiponent  jMiallel  to  the 
nuiace  uTihc  liquid.  Since  ibc  surfiic«  h  ocrynhtre 
jti  ibc  lamc  pT*iWtT*,  there  would  be  nothing  in  the 
awurc  ot  a  li)'dro»iatk  prcsiure  to  resist  ihi^  force, 
and  as  ilw  liquid  ii^lf  would  ofl«r  no  re^iviRncc,  the 
panicle  i*  would  tncn-c  alimg  the  stiTlacf,  and  hence 
the  liquid  would  not  be  at  t*a. 

AlthauKh  a  comparatii-cty  anuJI  Hurface  of  a  liquid 
is  for  all  pmctical  parposet  plane,  it  n  nol  abBoluicly 
to,  and  wl>rn  dealinjc  with  lar^e  f^iirfaccs,  ihis  departure  frotn  plane- 
aess  lieconMt«  appreciable.  Tbe  condition  that  t)ie  particle  p  (Fig.  Ill) 
ihould  be  ai  ml  is  thai  itie  line  of  action  of  the  ailmaion  o(  Kravity 
on  P  tliould  be  itonnal  to  the  surface  at  l>.  llcncc  the  lurfnrc  of  » 
liquid  it  always  aoimal  to  the  nidtui  of  the  eanh  at  the  point  can- 
ui)er«d,  and  therefore  forms  pan  of  a  sphere  haviiij;  Ibc  mrlh'«  titdiiii 
a>  ladivs.  The  Cict  that  the  surface  of  a  liquid  Is  atway«  horiiontal 
i»  nude  use  of  in  tlic  tj^rii-level.  Iliis  consists  eivcntial)]-  of  a  |;U» 
tube  ABC  L;rig.  113),  ohich  is 
Uighily  befll,  and  fitted,  with 
tbe  ccinvTX  •urtiice  upwards,  D 
in  a  frame  t>T..  Thii  tube  \% 
clewed  At  either  end,  and  n 
RUcd  with  alcohol '  except  fur 

a  bubble  of  air  B,  which  i«  lefi  in.  Tbif  bubble  consiituies  the  onljr 
fric  MT&ce  of  the  liquid,  and  it  always  sets  iltelf  at  the  hij^heu  point 
of  the  aincd  lube.  Itrncr,  if  the  tube  i*  fixetl  in  t)ie  fnime  in  9.uch 
a  way  that  when  ibc  lower  mrfafc  of  the  frame  is  hoiitonul  ihe  hisbesi 
point  uf  the  bent  tube  is  ofiposite  a  fixed  mark  on  the  lop  of  the  iiit>e, 
il»rn,  wbeiM*et  ll*e  bubble  is  i>|ipoait<  ibis  marlt.  ilie  lower  surfate  of  tlie 
ttand  will  be  horiiontal.  If  one  end,  say  C,  i*  tilled  up.  Ilwn  the  ntarked 
point  ofibo  lube  it  nil  longer  the  hiji;t)cM,  and  the  bubbte  mov^*  t 
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Knonins  the  density  of  wateri  A,  at  difftrent  letnperaiiircs,  we  can 
dclennine  the  volume  of  a  solid  which  is  inioluWe  In  n';itcr,  by  weighing 
il  fiitl  in  nir  and  then  when  immciscd  in  u-aicr  at  n  known  lemperaluie. 
[f  Wj  is  the  wcijfht  in  air  and  jc,  ihc  we-ight  in  water,  tlien  the  loss  of 
weight,  that  is,  the  weight  ofwater  displaced,  is  ti'[-n'n«nd  this  must  be 
equal  to  AC,  where  V'\%  the  volume  of  ilie  solid.    Thus 

One  meihud  of  comparing  the  density  of  a  liquid  with  that  of  water 
il  to  determine  ilic  loss  of  weight  of  a  solid,  which  i*  unacii-d  upon  by 
either  liquid,  when  weighed  first  in  water  and  ihcn  in  Ihc  liquid.  In 
this  way  the  weights  or  masses  of  eqtiai  volumes  of  the  liquid  and  of 
water  arc  obtained.  If  m,  is  the  loss  of  weight  in  the  jfiven  liquid  of 
density  p,  and  w,  is  the  loss  of  wcij,-hi  in  water  of  density  J,  then 

and  wij=  i-'ii, 

where  ['  is  Ihc  volume  of  the  solid.     Hence 


and,  by  uking  the  value  of  i  for  the  temperature  of  ilie  experiment  from 
the  table  given  above,  jj  can  be  culculated. 

Another  method  in  rommon  use  for  determining  the  density  of  a 
li<|uid  is  to  weigh  a  small  bottle,  called  a  specific  gravity  bottle  or 
pyknomcter,  when  full,  lirst  of  water,  ihcn  of  the  liquid.  Two  fonns  of 
pyknometcr  which  arc  in  fommon  tise  aie  shown  in  Fig.  ii6.  One 
consists  of  a  small  glass  bottle  A,  fitted  with  a  well -ground-in  glass 
stopper  B,  This  stopper  is  pierced  by  -i  fine  hole.  The  bottle  is  com- 
pletely filled  with  the  liquid,  and 
the  stopper  inserted.  c:ire  being 
taken  not  to  inrlnde  any  air-buhliles. 
The  sviperlluous  liquid  flows  out 
ihrou^di  the  hole  in  the  siopprr 
and  is  wiped  off.  The  other  form 
consists  of  a  bent  glass  tube  CUK 
of  the  shape  shown.  Tlic  end  C  is 
diawn  mit  into  a  fine  capillary,  and 
a,  fine  inarl:  is  engraved  on  the  gtai-i 
at  I*.  To  fill  the  lube  the  end  C  is 
dipped  below  the  surface  of  the 
liquid,  which  is  drawn  into  the  tube 
bviuciion  at  F.  till  it  tills  it  a  little 
above  Ihc  mark  K.  Then,  by  loiirhing  ihe  capillar)-  c  with  a  piece  of 
blotting-paper,  liquid  is  withdrawn  till  the  surface  comes  exactly  lo  the 
mark  >\ 
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LM  W)  be  the  weight  of  ih«  empty  pj-kmnnelcr,  and  «■,  and  «•,  the 
wrixht  when  full  of  the  liquid  and  wntcr  mpertively.  Then  m^—  tt^  ia 
ihc  wfighi  nf  walCT  which  lilU  the  instniment.  tlcncc  if  A  is  the  de 
of  il>r  wnicr  HI  the  temperature  at  wkich  the  pi'knometCT  wag  filled,  hs 
volunw  J' is  (iiicn  by 

r-={«i',-«',)/4. 

Tlie  wwghl  of  ;i  volume  V  oi  the  given  liquid  is  vi,~Wy     Hence  ll>e 
deoMlv  p  of  tite  liquid  b 

«■,-»■, 

The  rolkming  table  gives  the  density  of  some  liquids  : — 

DSNiiiTV  or  Liquids. 


UqokL 

M^0(  t  G.C. 

TempcrMorb 

Qnnu^ 

DcfraeC. 

Mercury 

I3.!g6 
3-'*7 

0 

Bromine 

0 

triilnrofonn 

1.480 

18 

Glycerine        .         ,         .         _ 

1.360 

0 

Milk(cowV.                .        . 

1,03  (about] 

IS 

S<a  vaier      .... 

i.oi; 
0.918 
a87j 

"S 

OHve  oil        ...        . 

:i 

Turpentine    .... 

Alcohol  (cLbyl)      . 

0.791 

0 

Etber 

A736 

0 

147.  Flot&tlOB. — Since  when  a  body  is  immersed  in  a  Huid  it  ex- 
periences in  upward  force,  due  to  Ihc  pressure  of  Ibe  Ruid,  equal  to  the  , 
weight  of  th«  Auid  dttfilAced,  it  follows  ihni  if  tbe  density  of  the  body| 
is  teM  ibiB  ibat  of  tlic  fluid,  the  weij^bt  of  the  dlipltu«d  fluid  will  be 
greater  than  the  wei^-hl  of  ihc  body,  and  Imikc  tlic  upovtid  Toice  aL-iins 
OB  the  body  due  tu  the  fluid  will  be  (greater  than  the  downward  forre 
due  10  Knivily.  If  no  olhci  farces  are  acting  00  the  body,  it  will  ihcrclorE 
rbc  until  the  weight  of  the  ditplaced  fluid  b  exaell}-  equal  to  tlut  of  the 
body.  In  the  cas«  of  a  body  &uch  ns  a  balloon  in  ilie  air,  ihi^  will 
kaypen  when  it  tiai  ivxw  lu  »uch  a  distance  that  the  density  of  tlie  air 
hu  become  mi  much  reduced  that  Ihc  weight  di»pluced  liy  the  balloon 
is  equal  (o  irt  own  weight.  In  the  cose  of  a  sottd  immersed  in  a  liquid,  it 
wiD  rise  till,  some  of  the  «alid  having  risen  abm-e  the  surface  of  the 
Dquid,  tbc  weight  of  ihc  volume  of  liquid  displaced  by  tl>e  remainder, 
which  t*  still  lobmeiifed,  is  equal  tu  tlie  wei|[bt  of  the  body. 

In  order  that  a  body  floatinic  in  a  liquid  may  be  in  equilibrium,  not 
only  mu!,i  the  upward  pressure  due  to  the  liquid  be  equal  in  magnitude 
in  the  wrijjhi  of  the  Indy,  but  it  must  alM>  act  vertically  upw.trdt  iliroii^h 
llw  cvBlteof  icraviiy  of  (lie  body.     If  we  suppose  the  body  removed  and 

M 
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TCplaccd^y  soin«  of  tl)e  liquid  wliicti  has  bccnine  solid  and  ciccupiM  ex* 
acily  the  pMition  of  the  immersfd  \i^xx  of  the  solid,  iliis  »o1idilied  portion 
of  liquid  will  be  in  ciiuilil>rium.  Hence^  since  iia  »*iyht  ails  vcriically 
through  its  centre  of  gravity,  ihc  pressure  due  to  the  part  of  the  tiqui<l 
wbidi  has  remained  liiiuid  niutt  nl»o  acl  vertically  throutfh  the  cciiirc  of 
gravity  of  ihc  solidified  poitioii.  The  dircciion  and  magnitude  i>f  thi» 
pressure  must  be  llic  ssiiit  iis  thai  wliich  was  acting  on  the  flnaling  body, 
so  that  we  see  that  (he  upward  foice  due  to  the  li(]uid  is  c([Un1  to  the 
wciglii  of  the  liquid  displaced,  and  acti  in  a  vertical  direction  through 
the  point  whi<^h  wouhl  be  the  centra  of  gravity  of  ihe  dnplattJ  liquid. 
If  G  (fig.  1 17,  a)  is  the  centre  of  gravity  of  a  floaiim;  body,  and  11  the 
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centre  of  gmvity  of  the  displaced  water,  the  two  poinls  0  and  H  must,  if 
the  body  is  in  etjuilibriuni,  be  verlicaily  one  over  the  olher.  If  the  body 
be  displaced  inio  some  such  position  as  ihut  shown  ni  li,  then  the  centime 
of  gravity  of  the  dispb(;ed  liijuid  will  no  longer  be  tii  II,  hut  at  sonic  point 
such  as  h'.  The  body  is  then  .-ictcd  ujwm  hy  a  couple  which  lends  to  biing 
it  back  into  ihe  position  shown  at  a.  The  point  m,  where  ihc  new  vettical 
through  H'cuts  the  vettical  drawn  through  ti  in  the  u  11  disturbed  position, 
is  called  the  melacenlrt.  In  the  above  figure  iho  iiieiaccntrc  is  above  the 
centre  of  gravity,  and  ihc  (iuiitiiig  body  is  in  stable  eijuilibrimn,  as  the 
couple  when  it  is  deflected  tends  to  rtitotc  it  to  its  original  p<)silion.  In 
the  case  shown  in  Fig-  liS,  howc\'i:r,  the  couple,  which  comes  into  play 

when  the  Iwdy  is  deflected  from  Ihc 

\  position,  tends  to  increase  the  dis- 

rr:  placement,  and  hence  the  candition 

figured  at  A  is  unstable.     In  this 

H|     H:-_-       ^    /ffl  £-^~         case  it  will  be  seen  that  the  nieta- 

centre   M   is  bflovj  the  centre   of 

gravity ofthc  flouting  body.    Hence 

a  floating  body  is  stable  when  the 

Fie,  lit.  metacentric  is  aI>ovc  the  centre  of 

gravity,  and  the  higher  the  meta- 

gent  re  is  above  the  centre  of  BraWty.  ihe  more  stable  is  the  body.     If  the 

netacentrc  coincides  with  the  centre  of  gravity  of  the  floaliiiK  body,  as 

il  does  IB  ihc  chec  of  a  sphere,  the  bod)-  is  in  neutral  equilibrium,  while 
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if  ibc  mctaccntrc  it  below  the  centre  of  gmvily  Ibe  equilibnuin  is  un< 
stable.  Thc^e  principles  arc  of  KTCal  imporUncc  in  dMitrning  ihi|tt,  the 
object  of  bulU^t  ticifl^'  to  lower  ihc  txnirc  of  Kravity  so  as  In  keep  it  well 
Ixlow  the  inemtcntrt'. 

148.  Hydrometers.— The  volume  of  a  fluaiing  budr  iRin>cn«d  in  a 
iKpiid  itepencls  on  ihe  <lenMty  of  ihc  li(|ui(l,  for  the  prodnct  of  the  deiiMiy 
fA  the  liquid  into  the  volume  of  the  body  iminerjecl,  whitli  ^i^""  the 
wcighl  of  liquiil  dUpUccd,  niust  .ilvavK  Iw  cqunl  to  the  n-ei^ht  i>f  the 
body.  Hence  ihc  volume  of  a  body  in\mcrM<I  in  riiflcrmt  liquid*  m.-iy 
be  employed  to  compare  the  dcDsilies  of  liquids.  An  insinimer.;  dcpeii<l- 
ing  OD  tliis  principle, called  .n  liydruntctcr,  is  shown  in  ti^.  1 19^  It  ron- 
B*U  of  a  gUft*  bulb  II,  (u  (he  lower  end  of  which  a  small 
bulb  K  is  fixed,  and  at  the  upper  enil  it  nnrrow  ^oati  Mem 
CD,  Some  mercury  or  lend-ihot  is  pUred  in  a,  so  that  the 
tnnnimenl  floait  uprighi.  The  stem  en  is  Kradiiaicd,  so 
that  tlie  depth  to  which  ihc  iiHirvment  sinks  in  the  dilfereni 
liquids  can  be  read  off  Suppose  that  the  division  to  which  it 
sinks,wbcn  floating  in  water,  i:i  marked  loo,and  the  volume 
of  the  Item  included  between  iwu  conieculive  divivons  is 
l/lOOth  of  tlie  total  volume  immtned  when  the  limJy  floats 
in  water.  Then,  if  ibe  initnuncni  when  floating  on  a  liquid 
unks  to' Ihc  60th  division,  this  mrans  that  60  units  of 
Tolame  of  this  iiqn'td  have  the  san)e  weight  as  lou  units  uf 
rolmnc  of  water.  Hen-je  the  spedHc  grarity  of  ihc  liquid 
n  loorteor  1,67.  In  the  ».'ime  way,  if  ilic  tiuiniment  liaks 
iti  a  liquid  to  the  ISOth  diviiion,  the  specific  gravity  is 
100,' I  ;o  or  0-S3}-  The  length  of  (be  xictn,  which  will  have 
a  volume  equal  10  1 /loo^h  of  the  volume  of  the  in«lrumcnl, 
yariei  inversely  as  ihc  cross  section,  so  that  by  makiii); 
ibe  Stem  very  narrow  the  sensitiveness  can  be  inueased. 
We  cantiot,  however,  increase  the  seitsitiveness  indefmitety, 
HI  account  rA  the  force  which  (he  surface  of  (be  liquid 
encfUon  the  si  em  (tee  ^  157),  and  which  prevents  the  iiutni- 
nro(  taking  ap  (he  po«i(ion  ii  would  if  no  such  rapimry 
force  cxtsicd.  In  order  to  avoi<l  having  a  ver}'  long  stem, 
h  U  usutl  lo  hare  a  scries  of  hydrometers  so  weighted 
thai  b  the  Bquld  in  which  one  sinks  to  nearly  the  lop  i>f 
itt  ■tern,  the  next  only  iinki  In  a  (Hnnt  near  the  bottom  of  ^j,, 
in  stem.  The  stems  of  hj-dronKIcrs  are  often  gtactuaicd  so  7Sr!<ar\ 
aa  tn  give  i!ie  specilic  gravity  of  Ihe  liquid  in  which  lliey 
ate  placed  directly.  In  this  case  the  length  of  the  graduations  is  not  con- 
Mant,  but  dei-ream  fnnn  the  top  to  tlw  bottont  of  the  stem.  Tbc  position 
of  two  potnu  an  the  sale  are  generally  found  by  Aoaiing  the  instrument 
ia  two  litpudi  of  known  fpcd5c  gravity,  and  from  the  position  of  any  too 
■och  pojnii  OB  the  scale  the  rest  of  the  graduations  can  be  obtained. 
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Another  Ibmi  of  hydroineler  n  shown  in  Fig.  I20y  and  U  called 
Nicholson's  hydrameler.  In  lliis  insininicnl  ihc  sicni  is  not  gradiiait'd, 
but  hat  a  tinijle  mnrk,  O,  ami  wlicn  in  use  ihc  in^liumcnt 
is  always  »ui)k  to  this  mark,  so  thai  Ihc  volume  imtiicrM-d 
i«  cuiMtant.  Attached  to  the  flual  A  are  two  »i:aIe-pHni  U 
atiU  C,  the  lower  one  licing  weighted  SO  that  tJie  inslru- 
ment  can  Don  I  upright. 

Wiicn  using  this  iniiniment  lo  dciemiine  the  dcniiiy 
of  a  liquid,  it  is  first  floated  in  wnlcr  at  n  known  itrinpcra- 
ture,  and  wei^his  ar«  pUrcd  in  ihc  upper  Kalc-pnn  till  the 
tiiark  o  is  coincident  with  the  surface  of  t)ie  liquid.  Let 
W  he  the  weishl  of  Ihe  instrumtni  iiiclf.  and  ti/i  the 
weights  added  ;  then  the  weiKht  of  ihe  water  displaced  is 

„  lf+a',,and  the  volumel'of  ihc  displaced  water  is  ijiven  by 

where  A  13  the  <lensitj-  of  the  water  at  the  given  tempemlure. 

Now  let  the  instrutncni  l)e  floated  in  a  li<juid  of  denMiy  j>,  and  let 
the  weight  which  has  to  be  placed  in  the  pan  K  to  bring  the  mark  to  the 
surface  of  the  liquid  be  ;t',.  Then  ihe  weight  of  ihc  liquid  displaced  it 
H'+W'„  Now,  since  the  volume  of  the  hydrotneter  immersed  is  the  same 
aa  before,  namely  K,  we  have — 

This  instrument  is  more  often  used  for  linding  the  density  of  solids 
than  of  liijuids.  For  this  purpose  the  hydrometer  is  floated  in  water, 
and  llic  solid  placed  in  the  pan  is  and  Heights  <ti\  added  til!  it  sinks  into 
ihe  sighted  position.  Sinre,  vehcn  the  solid  is  nol  present,  the  weight 
necessary  lo  sink  ihe  instrument  is  Sf',.  il  follow*  ih.it  the  weight  of  the 
solid  is  o',  -  «^  Next,  the  soliil  is  placed  in  the  lower  pan  r,  and  the 
weight  K',  necessary  to  sink  ihc  instrument  determined.  The  solid  being 
immersed  in  water,  will  lose  in  weight  an  amount  equal  lo  the  product 
I 'A,  where  ('is  its  volume.     Hence 

or  C^tw't-tt'^/i. 

Therefore  ihc  density  |i  of  the  solid  is  given  hy 


se'4— «^ 

t4Q.  Ela»tlelty  of  Liquids.— Liquids  ran  only  have  bulk  elasiicity, 
i.t.  they  only  offer  resistance  lo  change  of  volume.  As  has  already  been 
mentioned,  liquids  require  a  very  grejii  pressure  to  reduce  their  bulk 
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appreciably,  diRerintr  in  thi*  rcspKi  very  markeiUr  riom  llw  oth«r  divi- 
*«>n  of  ftuiiis,  nanKiy,  gases.  In  fact,  a  iiqujtl  ii  somettinei  defined  as  a 
ftiitd  which  oflers  great  mi&Uiace  lo  change  of  volume.  The  fini  penan 
to  ibow  that  liquids  were  cunipreasible  wa<  Camon  in  t;6i,  while  the 
Km  measuremcnii  of  any  accnncy  were  taoAv.  by  (Xrsicd  {1811). 

Tbe  instrument  used  by  (Kritcd,  and  called  a  picmmeier,  is  illus- 
trated in  Fig.  III.  It  (rniwsu  of  a  strong  glass  cytiiider,  10  the  lop  of 
which  w  cemented  a  mcuil  cap.  Water  can  be  iniioduccd  into  the 
cylinder  through  the  fiinnci  K,  and  b>'  turning  the  screw  P  a  snuti  pisian 
b  forced  doHti,  thus  conipicssing  t)ie  water  in 
the  cylinder.  Within  llie  cylinder  is  a  i;!a» 
t-euel  A  filled  with  tlie  liquid  to  be  experi- 
mented on,  and  tettninatcd  by  a  capillary 
tube,  ihc  open  end  of  uhich  dipt  beneath  the 
xur£ux  of  Mime  mcrcuri-,  o.  The  voliunc  of 
the  vcswl  X,  ai  well  as  the  volume  of  unit 
length  of  the  capillary,  having  been  deter- 
mined by  filling  with  mercury  and  weighing. 
the  total  foJuine  of  the  liquid  in  a,  and  the 
decreaM!  in  volume  conespondinK  to  any  ob- 
served riie  of  tbe  mercury  into  tbe  cnpillaiy 
tabe,  wfaen  prcsMire  in  applied,  ii  knawn- 
The  pressure  is  riMasured  by  means  of  an  air 
nkBOnxter  (J  iji)  u.  con^>^ling  of  a  glass 
IIiIm  doted  at  tbe  top,  a-ith  its  open  end  be!ow 
llw  nir&ce  of  ibc  mereuo'-  This  tube,  before 
tbe  pmsure  is  applieit,  is  quite  full  <rf  air. 
Wbm  tbe  presuirc  ii  applied  tlie  mercury 
fiae^  the  air  being  oanipreix^d,  m>  that  by 
nolinjc  tbe  change  in  i-olume  by  means  of  ihe 
attached  scale,  the  prcssuie  can  lie  calculated. 

tEnted  asmmed.  tince  tlie  gbiis  vessel  A 
it  subjecied  to  the  sanK  pressure  both  inside 
and  out,  that  tberefbre  its  volume  wan  the 
tune  at  all  praauro,  and  hence  that  the 
Goninction  observed  was  due  solely  to  the 
oomprcssioB  of  the  li^iO.  This  usunption 
is,  bowevcr,  not  juitilbble.  If  >«  imagine  the  vessel  to  be  in  the  form 
of  a  sphere,  and  iliat  the  prrsuiTe  applied  both  inside  and  out  is,  say, 
100  atmosiJKres.  Now  suppcMe  iliat  the  lame  pressure  were  applied 
eitcmally  to  a  M/i'if  glass  sphere  of  exactly  the  same  external  dimennon* 
as  tbe  hoUnw  sphere.  The  !>oUd  sphere  would  contract,  since,  at  will 
<•  Mcn  Uier,  glass  t*  compressible  ;  and  if  we  consider  a  ihin  eitcmal 
layer  li  the  apbere.  it  will  eventually  be  at  rest  under  ibe  pressure  of  too 
anncwpbcrei  acting  everywhere  to>'ard>  tlie  inside^  awl  an  equal  and 
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opposiic  prcHure  due  to  the  dttMkitf  of  the  inside  la>-en  of  the  noljd 
sphere.  The  rimdiiinti  of  tliis  layer,  therefore,  rcscmhlcs  ihni  of  the 
hollow  1,'lass  sphere  rilled  with  li(|ijid  -tnd  subjected  inside  and  out  la 
«  pressure  of  iot>  atmospheres,  and  since  it  contracts  in  viilujiic  under 
these  contiiiions,  w-e  infer  that  the  hollow  sphere  would  An  so  alio. 

In  ordrr  lo  overcome  this  difficulty,  KcKiiiiiili  devised  a  nioiiificii  form 
of  picTOmelcr,  in  which  the  change  in  volume  of  the  coninining  vessel 
could  he  observed.  His  apparatus  consisted  of  n  siroiiK 
):l.iss  bulb  A  (Fig.  112)  with  a  fine  capillary  neck  B. 
This  bulb,  in  which  ihe  liquid  to  be  tested  ii  contained, 
was  inside  a  strong  metal  »-es5el  c.  The  tube  1 1  was  con- 
nected with  n  com  press  ion -pump,  and  by  means  of  the 
laps  F.,  K,  <■.,  H  the  voloinc  of  the  liiitiid  in  the  bulb 
was  observed  under  the  following  coiidilions  :  (i)  The 
i.ip>  K  and  II  being  closed  and  y  and  <i  open,  the  appa- 
tent  increase  of  the  volume  of  the  liquid  due  to  the 
action  of  nu  external  pressure  p  on  the  outside  of  the 
bulb  was  obtained  :  (l>  the  taps  P  and  H  Iteing  open 
and  E  and  ti  dosed,  the  a|>purcnt  contraction  of  the 
liquid  tinder  the  influence  of  a  pressure/  acting  both  on 
the  inside  and  outside  of  the  bulb,  as  in  Oilrslcd's  ex- 
periment, was  obtained;  (j)  the  laps  E  and  H  lieing 
open  and  V  and  C  closed,  the  apparent  conlrattion  of 
(he  liquid  when  the  pii-ssure  p  acted  on  the  inside  of  the 
vessel  only  was  obtained,  tiom  tiie  results  of  these  three  obsenations, 
the  eAecC  of  the  conliaclion  of  Ihe  envelope  can  lie  eliminated  and  the 
true  coefficient  of  compressibility,  ij.  the  diminution  produced  in  unit 
volume  liy  unit  increase  in  pressure,  ran  be  calculated,  alihough  even  in 
this  case  some  assumptions  as  to  the  unifomiily  of  the  thickness  of  the 
w.iHs  of  the  vessel  have  to  be  made.  In  sonic  of  his  experiments 
Kcgnaillt,  iheiefoie,  used  spherical  bulbs  of  brass  or  copper. 

The  following  table  (calculated  by  Tate  from  Cailletel's  results)  gives 
the  cocfRcienl  of  compressibility  {>>.  decre.-ise  in  unit  volume)  per  atmos- 
phere for  lomc  liquids,  It  will  be  seen  that,  ns  compared  witli  gases  in 
which  the  cocflicient  of  comptessibility  at  a  pressure  of  one  atmosphere 
iso-s,  liquids  ate  very  little  compressible  ;— 
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liquid. 

TcmperBturc 

PrHMTc  in  tAmotf 
phcit«. 

Conflieiencjt 

ijf  C'i)mptE*iit>llliy 
pi't  Aitiio«iiliete,' 

o/xx)046g 
o.oaoi45i( 
o/x)oo998 
0,000303: 

Water      . 
Sulphuric  ether 
Bisulphidr?  nf  carlmn 
Sulphurous  acid 

8*C. 
10*  C 

8*C. 
14"  C. 

70s 

607 
606 
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isa  Hydraulic  Press.— I'asuil'*  taw,  ihat  liqnUU  innsmii  Sa  all 
dircctioas  and  witbout  diminution  any  pressure  iKal  \%  applted  to  ihein, 
Tcreii-Cf  an  intpotuuit  applkiition  in  the  liydr.itilic  pir^s  or  ram.  I'bit 
machine  wax  invented  in  179;  by  Bramiih,  and  is  sliovm  in  sections  in 
Kid'-  >  i\  I<  consist*  of 
a  large  metal  cylinder, 
A,  with  very  sironj; 
(ides,  in  whtcb  an  iron 
nm  works  watet'tiKht. 
through  a  joint,  B.  Thi« 
jmnt  U  n>ade  water- 
It^hi  by  meant  of  a 
circular  leitiher  washer, 
the  >ectl<>n  of  whkh  is 
U-shapcd,  the  coDCav« 
surface  be  in);  turoed 
tflirards  the  inuile  t£ 
llierytinder.  Tbepres* 
tutc  (if  the  water  in  ihc 
cylinder  forces  this 
washer  against  the  ram 
CM  the  insMk,  and  atiainst  the  nrek  of  the  cylinilcr  on  the  out«ide,  »o 
ihjit  Ibc  yreaicf  the  p<ressurc  of  the  water  tlie  more  tightly  docs  Ihe 
washer  111.  The  cylinder  is  connected  by  a  strong  pipe,  <.',  with  a  force* 
pump,  of  which  the  piston,  n,  is  of  small  diameter.  By  thi*  means  water 
can  be  pumped  into  [lie  large  cylind<5r  A.  \Mien  the  plunger  of  ilio 
pump  is  forced  dowa,  the  liquid  in  ihn  machine  transmits  the  pressure 
to  the  base  of  the  nun,  which  is  forced  up.  If  it  is  the  area  of  cross 
section  of  the  plitnj^  i>f  tlvc  pump,  .and  the  downward  force  exerted  on 
the  [hunger  is  P,  then  the  pressure  cscrtcd  on  the  water  in  ihc  pump 
i>  Pla,  Tliis  pressure  ts  transmitted  to  the  cylinder  a,  and  licnce  ji 
pressure  of  /"■>  acts  on  each  unit  of  surface  of  Ihe  base  of  the  ram.  I  f 
A  is  the  area  of  cross  sectKui  of  the  tarn,  the  total  upward  force  ev- 
ened on  it  is  APla.  In  other  words,  the  force  (Jf)  exerted  by  the  rani 
is  to  ibe  force  adinjc  on  live  plunjier  of  the  pump  as  the  area  nf  cross 
•eciioa  of  ibe  ram  is  to  that  trf  the  pitmger,  or 

W    A     Ifi 

Ff  /)  b  iIm  diatneter  of  the  ram  and  rf  the  diameter  of  tbc  plunger. 

The  principle  of  llie  h>'dniulic  press  is  also  cmployet!  as  a  means  of 
ttaring  power,  which  is  required  in  an  intcrmillcnt  m.inner,  sui;h  as  for 
■otkinji  lifts.  In  ibis  case  powerful  pumps  are  emplo)'ed  to  [mmp  water 
into  a  ftronf;  steel  rcsrn'oir  Riled  wiib  n  wide  piston,  like  the  r%m 
'  A  Ibanul)  press,  which  is  loaded  with  heat?  weight*. 
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performed  by  the  engine  which  drives  the  pumps  is  employed  in  raising 
these  weights,  and  the  potential  enei^y  thus  stored  up  can  be  usefully 
employed  by  connecting  the  reservoir  by  pipes  to  the  hydraulic  engines 
to  be  driven  by  the  water  under  high  pressure. 

161.  Pumps. — Pumps  may  be  divided  into  two  classes— suction- 
pumps  and  force-pumps^l hough  most  pumps  which  are  used  in  practice 
really  consist  of  both  kinds  combined,  the  suction  or  the  force,  as  the 
case  may  be,  however,  generally  playing  quite  a  subordinate  part. 

The  air-pump  described  in  §  136  (Fig,  [05)  is  a  suction-pump,  and  if 
the  tube  leading  to  the  receiver  were  connected  to  a  tube  the  end  of 
which  dippted  beneath  the  surface  of  a  liquid,  when  the  piston  was  raised 
the  pressure  of  the  air  acting  on  the  surface  of  the  liquid  would  force  it 
up  past  the  valve  B  into  the  cylinder.  When  the  piston  descends,  the 
valve  B  shuts  and  C  opens,  the  liquid  escaping  on  to  the  top  of  the  piston. 
If  a  spout  were  fixed  to  the  top  of  the  barrel  of  the 
pump  the  liquid  would  flow  out  through  it,  and  we  should 
have  the  ordinary  domestic  pump.  Since  it  is  the  pres- 
sure of  the  atmosphere  which  drives  the  liquid  up  into 
the  barrel  of  the  pump  when  the  piston  rises,  it  follows 
that  a  suction-pump  cannot  raise  a  liquid  through  a 
greater  height  than  that  of  the  column  in  a  barometer 
filled  with  the  liquid.  Hence  if  p  is  the  density  of  the 
liquid,  and  k  is  the  height  in  centimetres  through  which 
the  liquid  is  to  be  raised,  a  suction-pump  cannot  be  used 
\{  fk  is  greater  than  13.6  x  76,  since  13.6  is  the  density  of 
mercury,  and  76  cm.  is  the  height  of  the  mercury  baro- 
meter. If  the  liquid  is  water,  p=i,  and  the  limiting 
value  for  A  is  13.6x76,  or  1033,6  cm.,  or  about  34  feet. 
In  the  force-pump,  the  second  valve,  instead  of  being  placed  in  the 
piston  P  (t'ik'-  124),  is  at  li.  When  the  piston  rises,  the  liquid  enters 
the  barrel  of  the  pump  through  the  tube  a  and  the  valve 
c,  the  valve  \>  reihaining  shut.  When  the  piston 
descends  the  valve  c  shuts,  and  the  liquid  is  forced  out 
through  the  valve  n  and  up  through  the  lube  E,  The 
height  to  which  the  liquid  can  be  forced  by  this  form  of 
pump  is  rmly  limited  by  the  strength  of  the  barrel  a  and 
Ihi:  force  that  ran  Iw  applied  to  drive  the  piston  down. 
The  inimjis  illustrated  in  Kitis.  99  .iiid  123  are  force- 
pumps.  In  the  fire-cngiiie,  ivhich  is  a  force-pump,  there 
is  an  air-chaml>er  a  {Fig.  IJ5I,  the  water  being  forced 
in  throu^jli  i^  by  tlic  pump  during  the  ilown-slroke  of  the 
piston,  and  escaping  through  r.  The  pi[)e  C  is  made  so  small  that  the 
water  cannot  escapt  as  fiist  ns  it  is  pumped  in  durinf.'  the  down-stroke  of 
the  piston,  so  that  the  air  which  15  enclosed  in  a  lieconits  compressed, 
and  so  during  the  up-strokc  of  the  piston  this  air.  by  expanding,  continues 
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to  drive  the  wat«r  out  through  C  ;  and  in  ihtt  way  kccfts  up  a  cominuout 
streariL 

I&2.  The  Syphon. —The  srphoo  ccouiiuora  1)«nt  tube  auc  (Fig.  !«>}, 
opca  at  boili  ciiiu,  uoe  leg  bcinj;  of  f^ieater  im^tli  ilian  ibe  Mhcr.  If  (he 
lube  i»  iAVA  with  a  1h(uv(1.  anil  i)ie  end  of  ihe  shoricT  liinb  dippcil  bencith 
tlie  nirfncc  of  Mime  uf  the  li(|iiid,  then  ihc  prcssuie  at  llie  end  a,  Irnding  lo 
force  ihc  li(pii<l  iiuo  the  lube,  U  equal  lo  ihe  nimov- 
pticric.  prcMuro  mioiti  the  nciifht  of  ibe  colunin  of 
)ii|Did  i>i.  llie  pressure  at  c,  letKlins  lo  force  the 
llquki  up  the  tube,  is  the  atmtMipheric  prenure  lc»s  the 
weiglit  of  the  iralumn  of  liquid  ci  Henc«,  since  en 
is  (jreaier  iluin  t)Bi  the  prosttire  lending  lo  force  the 
liquid  in  ;it  A  is  gmtei  than  thai  at  c,  w  that  lUe 
liquid  will  flow  ill  at  A  and  out  at  C  as  long  a%  the 
iurfaoe  of  the  liquid  is  alwve  the  end  A.  Thesfphon 
depciulinji,  a*  it  docs,  on  ibe  atmosphenc  prnsure  to 
force  tli«  liquid  up  from  t)  lo  n,  will  not  w'ork  m  a  vacuum,  or  if  the 
height  mi  i*  greater  than  tlut  of  the  barometiic  cotumn  of  tli«  given 
liquid.  In  either  of  lh«M  caKS  the  bquid  would  nut  (ill  the  liend  of  the 
syphon,  but  ll>cre  woutti  Ik  a  vacuum  there. 

1S3*.  Kinetics  of  Uqulds-Law  of  Continuity.— In  iheouc  rf* 
liquid  (lowing  in  a  pipe,  ihc  volinne  of  liqiiHl  tliat  paiws  acto»  any  ctom 
section  of  the  pipe  during  juiy  given  time  must  be  the  sattie.  If  ibis 
were  riot  i^o,  then  either  the  liquid  would  accumubte  or  diinbiisb  bctwece 
the  mo  serlion*.     Thus  if  we 
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have  a  liquid  Aoving  through 
a  pip<-  of  variable  cross  section 
(Fig.  I  J7)>  ilw  i-olunie  of  liquid 
which  crosses  each  of  ibe  sec- 
tion!! A,  K,  C,  or  ti,  during  a 
given  intertal  muti  be  the  saaw. 
It  follows  froni  Ihtt  that  the  velocity  of  the  liquid  is  eierjwherc  infcr^Iy 
proportional  lo  the  area  of  cross  section.  For  if  it  is  ihe  cross  section  of 
".he  lubc  ai  A.  and  t'.  ii  ibe  velority  wiib  whiih  the  liquid  ts  tixning,  the 
volume  which  pastes  A  in  unit  iini«  is  ,iv..  In  the  same  way  tlie  volume 
which  passu  H  in  unii  time  is  bvt,  where  *  t»  tlie  area  of  cross  s<M:tion  at 
B,  and  !■*  is  the  velocity  of  ihc  liquid.  Since  the  quantity  of  liquid  wbidi 
trotsvs  A  in  unit  tiine  inuM  be  equal  lo  the  quantity  which  crosses  u,  wc 

or  v.     * 

V,     a 

IS4'.  Force  producing  Motion  In  a  Liquid.— In  every  taM  a  liquid 
lends  lo  flow  frotn  a  point  at  which  the  preuurB  it  high  to  a  point  a 
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which  it  Is  lower.  Hence  if  n-e  find  ihnl  the  velociiy  of  flow  of  a  liquid 
iiicrciises  :is  wt  move  from  one  poinl  lo  anothtT,  tt  shows  that  the  ptcs- 
sure  at  the  first  point  is  greater  than  at  the  jittond.  For  the  fact  thai  the 
velociiy  of  the  liquid  is  increasing,  that  is,  has  a  positive  acceleration, 
shows  that  some  force  must  be  nciin^  on  ii  lending  to  increase  its 
vclocilj',  and  the  only  forrc  acting  is  the  difFcrenrc  in  the  pressures  at 
the  points  considered.  In  the  m«c  of  the  liquid  flowing  through  ihe  lube 
shown  in  Fig.  IJ7,  ihe  velocity  at  a  is  j-reater  than  the  velocity  al  a 
Hence  the  velotit)-  of  the  liquid  diminishes  from  A  lo  B,  and  therefore  llie 
liquid  must  lie  niovinK  at.'sinit  a  .'otcc,  or  the  pressure  at  b  must  be 
greater  than  at  A.  In  the  same  way  the  pressure  at  1>  is  less  llian  at 
A,  B,  or  c. 

If  wc  consider  a  liquid  in  which  the  particles  exert  no  friction  one 
againft  ajiothci,  flowing  in  a  tidic  without  friction  against  the  wnlls,  then 
the  force  pruducin);  motion  on  a  small  cube  of  the  liquid  of  which  the 
edges  art  p-itrdld  to  the  direaion  of  flow  of  the  liquid,  is  the  difictente 
of  presjute  Iiclwcen  the  ends  of  the  cube  at  riijht  angles  to  ilie  direaion 
of  motion.  !f  jt,  and  /,  arc  these  pressures,  and  s  is  the  lenjjth  of  the 
cd)je  of  the  cube^  the  force  causing  motion  is  (/,  -/,)-i',  for  t*  is  the  nre« 
of  a  face  of  ihc  cube,  and  if  fi  is  ihc  density  of  the  liquid,  lliv  mass  of  the 
cube  of  liquid  is  j'p.  Ilencc  the  acceleration  {a)  with  which  the  liquid 
moves  is  given  by  the  equation— 


or 


TTie  quotient  f/|-AV'  '^  '''^  ™'c  at  which  the  pressure  decreases 
■with  distance  measured  parallel  to  the  direction  of  flow,  and  is  called  the 
Prfsiurn ^ratUtat  tir  fretiurf  slofif  in  this  direction.  The  flow  of  a  liquid 
always  takes  place  in  the  direction  in  which  the  pressure  gradient  is 
greatest,  and  the  Krenter  the  pressure  gradient,  the  greater  the  velocity 
of  the  liquid. 

When  a  liquid  flom  out  of  a  vessel  ihrniigh  an  opening,  the  pressure 
just  outside  the  opening  is  lero,  while  the  pressure  Juil  inside  is  llwl  due 
to  a  column  ofliqnid  of  the  height  of  the  free  surface  of  the  liquid  in  the 
vessel  above  the  opening.  This  height  of  the  free  surface  above  the 
opening  is  called  the  A/wrfofthe  liquid  which  pioduces  the  pressure,  and 
the  pressure  is  equal  lo  Npg,  where  H  is  the  head  and  p  is  lh«  density  of 
ihc  liquid. 

166*.  VelooltyofOutflowofa  liquid (ToiTloelli's  Law)-— Inorder 
to  obtnin  an  expression  for  the  velocity  wtUi  which  a  liquid  will  flow  nut, 
undef  the  action  of  gravity,  through  an  opening  in  the  base  of  a  vessel 
CODlaining  the  liquid,  let  us  nssomc  that  the  cross  section  of  the  opening; 
la  a,  and  that  of  the  vessel  nl  Ihe  free  surface  of  the  liquid  is  A,  while 
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the  hud  of  li<{ukl  is  H.     L«t  r  b«  the  folocity  ■  with  whidi  ihe  tiquid, 

of  <lpn!iity  j>,  cMnpM  dam  tlic  op^nin),'.    Suppose  tliuT. 

in  the  very  ihoit  lime  */,  ihc  Itvcl  yA  ihe  free  surfaci;  of  ^| 

the  liquid  fnlU  through  a  distance  h  (Fig.  138),  then  the 

volame  of  liqiikl  that  has  escaped  in  ihis  lime  1%  Ah.      \=-  -="'-^iit 

Hence  the  poicniial  energy  of  the  liquid  within  the 

vessel  has  decreaMd  by  the  amount  Ahp.Hg,  for  each 

Uycr  of  the  liquid  has  fallen  through  a  hcij^l  h,  or, 

in  otber  words,  the  vhole  i-olume  of  liquid  HA  has 

fallen  throush  this  distance.    'Hie  kinetic  energy  of  the 

Bquid  as  it  escapes  is  \Ahffv',  and  since  the  kinetic  energy  gained  must 

be  eqtul  to  the  poictiiial  energy  lost,  n-c  have  : — 

\Ah^=AhfHg. 

t"=  'iigii, 

hat  is,  the  velocity  with  whirh  the  liquid  escapes  varies  as  the  iquare 
;  of  the  heMi,  and  it  *ill  be  noticed  that  the  velocity  is  independent 
of  the  density  of  the  liquid  and  of  the  &iie  uf  llie  opening,  and  is  the 
mne  as  that  which  would  be  acquired  by  a  body  lalting  freely  ihrough 
the  height  //,  i.t.  thmugh  the  distance  liciween  the  free  stir£icc  of  itic 
li<|UMl  in  the  vessel  and  the  opening. 

If  the  opening,  iniieadofbeing  ntadc  thmugh  the  hnliomuf  the  vessel, 
W  made  through  the  side,  the  siieam  of  liquid  will  be  projected  hotuon- 
uHy  with  a  velocity  Jzgil.  Hence  each  particle  of  the  liquid  mil  move 
in  a  horinantal  direction  with  a  iinifonn  itlociiy  -'ig/f,  and  also  uiih  a 
aniform  acceleration  ^  b  the  vertical  ditection,  so  that  the  liqnid  jet  will 
form  «  parabola  ($  40).  If  the  opening  is  ii>ade  so  that  the  liquid  jet 
b  directed  upwatds,  the  highest  point  reached  by  the  nater  ought, 
acCDtiJing  (o  the  above  calculation,  to  he  in  the  urne  horitonlal  plane 
as  tlie  free  surfiice  of  the  liquid  in  the  vessel.  On  account,  however,  of 
viscauty  (J  tfti)  and  the  rewwancc  of  the  air, 
the  liquid  never  tjiuie  tiui  to  ilw  level  of  the 
surface. 

The  volume  of  liquid  which  will  escape  per 
McotKl  through  an  opening  of  cross  section  •»  is 
lound  experimentatly  to  be  less  than  lu.  This 
b  diM  tn  the  &ct  thai  the  jet  of  liquid,  as  it 

lite  opening,  becomes  rontmctcd,  fnmiing  the  tmrx  tvntratfa  as 
A  (Fig.  119J,  lo  that  the  cn>M  section  of  the  jet  is  leu  than  that  of 
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the  opening  through  which  it  passes.  The  actual  volume  of  liquid  that 
escapes  is  only  about  6z  per  cent  of  the  volume  calculated  from  the 
expression  a  "JigH,  while  the  cross  section  of  the  T-ena  conlraclit  is 
about  .62  times  the  cross  section  of  the  opening.  T^e  quantity  of  liquid 
which  escapes  can  be  considerably  increased  if  a  small  cylindrical  tube 
or  ajutage,  of  the  same  diameter  as  ihe  opening,  is  fitted  10  ihe  aperture. 
In  this  case  the  outflow  may  be  Increased  to  about  82  per  cent,  of  the 
calculated  amount.  If  the  ajutage  is  of  considerable  length,  the  oulilow 
is  again  reduced,  this  beiDg  due  to  viscosity,  i.e.  friction  between  the 
different  parts  of  the  liquid 
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UOLBCL'LAR  PHENOMENA  IN  LIQUIDS 

156.  Cohesion.— If  a  lud  uc  tube  of  glau  is  dipped  into  water  and  a 
then  withdni"'!!.  a  drop  of  the  liquid  will  be  left  haiising  to  the  end  of  the 
rod.  If  mate  waier  is  catefiilly  added,  llic  siie  of  the  <Ii(>p  will  incir.-ue 
ODtil  ill  weiiibt  ii  xuRiciccil  (i>  icar  it  nwny  from  the  Klai.v  In  the  same 
my,  if  a  dean  metal  tinji  it  dipped  into  a  solution  of  tonp  and  then  with- 
dnion.  ft  film  of  the  liquid  will  icm^iin  sireirhed  across  the  ring.  In  both 
these  CAtcs  the  effects  are  said  to  be  due  lo  ihe  o<ifsitm  of  the  tiquid.  'Ilie 
term  adhesion  is  howe^p^.  sometimes  uictl  lo  indicate  ihe  attraction 
BuniflMted  between  a  liquid  aiid  a  iolid,  and  the  term  cohesion  rctiiiciol 
to  the  attraction  bctireen  the  diifereni  panicles  of  a  mass  of  liijuid.  This 
cohe&ive  Atrte  is  in  inoni  cases  iiia»ked  by  ibe  action  *>S  gravity,  and  tlie 
extreme  mobility  of  ibc  liquid  molecules,  and  hence  to  obscnc  its  effects 
we  require  to  reduce  the  elfccis  of  grat  ity  lo  a  miniiuum. 

Thnt,  if  a  brt;«^  drop  of  oil  is  placed  on  the  surface  of  water  it  tmme- 
iliately  spreads-  If,  however,  a  mixture  of  alcohol  and  water  is  prepared 
of  cncily  the  same  density  as  the  oil,  and  a  drop,  or  even  a  considerable 
volume,  of  oil  ii  introduced  in  the  water,  it  immediately  gathers  itsdl 
inla  a  sphere  which  reniaim  suspended  in  the  alcohol  and  water.  By 
tlpatioK  the  oti  in  a  !it|uicl  of  the  same  density  as  itielf  wc  reinuve  it  fioni 
the  influence  of  ([ravity,  aivl  then  the  cohcuon  Ixtween  the  liqaid  pai- 
tidca  duue*  the  drop  to  asiumc  the  spherical  form. 

IS7.  Surfttm  Tension.— In  tlw  case  ot  the  tflobule  of  oil  floating  in 
a  liquid  of  the  sam«  density,  the  ihape  assumed  is  the  same  as  the  oil 
would  take  had  it  been  enciosed  in  an  elastic  membrane  or  skin.  The 
presence  ot  Mdi  an  ebsiic  »kin  would  alto  serve  to  explain  the  fbrmation 
of  Ibc  drops  on  the  end  of  the  glass  rod  i>r  the  soap  film. 

We  can  explain  these  ^ds  on  the  molecular  hypothesis  in  which  it  tt 
assumed  that  in  a  liquid  the  molecules  exert  on  one  another  an  attTaciisv 
fotc« ;  this  force,  hon-ever,  bcinx  only  appreciable  when  the  molecules 
an!  within  a  short  distance  of  one  anniher,  which  is  called  the  range 
nf  BMlemlar  aiiraciion.  If  »»  describe  a  sphere  u-iih  any  partW-le  ai 
centre  havinf;  a  r:ulii»  equal  to  the  range  of  molecular  atinietion,  th^n 
may  iKjtlcct  the  effects  uf  all  tl>e  molecules  whkh  tic  outside  this 
■pbere  on  ibc  molcculm  at  the  centre. 
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In  the  caw  of  a  molecule  a  (Fig.  130)  well  wUhtn  a  liquid,  the  whole 
»plier«  will  lie  wiiliiii  ilie  liquid,  and  hence  the  molecule  A  will  be  ntlracted 
by  the  iitiKhbouriHy  molcculci  equally  in  all  direetior«.  If,  however,  ilic 
mcile<:ule  (B)  i*  so  near  the  surface  of  ihc  litjuid,  v.  v,  1h.11  rhc  sphere  would 

iiilenect  the  surface, 
/''       N^  then    the    altntciion 

/  r.  \  e  exerted  on  the  mole- 
cule is  not  the  Kninc 
iiialldircrlions,  The 
attractiiin  due  lo 
molecules  wjthin  that 
portion  of  the  ^phe^e 
in  the  liquid  which 
is  unshaded,  being 
symmeirical  about 
the  molecule  li,  will 
have  a  resultant  which  is  zero.  The  attractions  of  the  nwlcules  within 
the  shaded  p.itt  will,  however,  have  a  resultant  directed  towards  the 
inside  of  the  hquid  mass,  and  perpendicular  10  the  siiriacc.  In  the  case 
of  A  molecule  scliiatly  on  the  surface,  as  ai  C,  this  le^ultant  is  a  maximum. 
The  effect  of  ihe^e  unbalanced  molecular  forces  acting  on  the  molecule* 
ne.ir  the  surface  is  to  e\crt  3  pressure  on  the  interior  of  a  liquid  mass, 
similar  to  that  which  would  be  caused  by  an  eljislic  skin,  and  it  is  fre- 
quently convenient  to  speak  as  if  such  ajt  elastic  skin  really  existed,  and 
to  say  that  this  pressure  within  a  liquid  mass  is  due  to  the  sutjace  tension 
of  the  liquid. 

The  magnitude  of  the  pressure  due  to  the  surface  leosiuii  depends  on 
the  form  of  the  liquid  suriace,  and  wc  may  obtain  :m  idea  of  the  direction 


FiB-  '3* 


Fig.  131. 

in  which  the  form  of  the  surface  will  effect  the  pressure  from  the  following 
considerations.  Let  us  take  the  case  of  three  molecules,  a,  i^  and  C 
(Fig.  131),  at  equal  distances,  less  than  the  radiusof  molecular  attraction, 
from  the  surface  ¥.¥,  which  in  the  first  case  is  plane,  in  the  lecond 
concave,  and  the  third  conven,  and,  as  before,  let  us  indicate  by  shading 
the  part  of  the  sphere  of  molecular  fittraction  which  is  efficacious  in  pro- 
during  an  inwardly  directed  forte  on  the  molecule.  If  the  surfai:e  is 
concave  at  at  11,  then,  although  the  molecule  e  is  at  the  saiiie  distance 
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bduw  th«  surface  as  is  A>  where  ihe  turfucc  U  pl.-ine,  ihc  shn^lcd  pan  is 
le»,  10  tliut  tbe  molecular  force  sctirtg  on  u  towards  ih«  inside  of  the 
liquid  is  less  llun  thai  vn  A.  In  the  esse  wlicrc  the  liquid  surface  is 
convex  (cX  the  shaded  part  is  larger  tbiin  in  A,  and  liencc  the  force  is 
larger.  Lookinj;  nt  it  Inim  ihc  point  of  view  of  an  ekstic  membrane, 
it  is  evident  that  at  11  ihc  elasticity  of  the  membrane  would  diminish  ibe 
pressutc  within  the  li<iuid.  while  at  C  it  would  increase  ihc  pressurci 

The  CKiMence  of  ihii  pressure   due  to  molecular,  as  distinct  from 
gravicitlonal  aitractiiHu,  onooi  be  directly  Uemonsiraied  by  experiment, 
bat  there  are  imny  strikinj;  phenon>enn  dependin);  on  the  fact  ihat  the. 
suriace  of  a  tiqtridUin  a  lutle  of  ten»on.    Thus  if  a  metal  lin^  Is  dipped' 
)D  ■  toluiioD  of  soap,  and  a  sniall  loop  of  cotton,  which  has  been  pre* 
vioasly  moistenctl  wilh  the  solution,  ts  placed  on  the  film  left  on  the  ritijc, 
this  loop  can  be  nude  to  lake  up  any  form  such  as  A  (Fi^.  lyi),  and  will 
retain  this  form.    If,  however, 
the  lifan  vtitkin  ibe  loup  is 
broken,  the  loop  immediately 
takes  up  the  circular  foim 
shown  at  B  :  and  if  it  is  now 
deformed    in    any    way,  on 
being  rekased  it  immediately 
sprint!*  back  10  the  circular 
(oTRi.    This  behaviour  is  due 

lo  ihe  fact  that,  in  ihe  fiist  '<8  'i'- 

case,  tbe  surface  tcnsioii  of 
the  litjuid  film  acts  equally  00  both  sides  of  ihe  coitoit,  but  when  (he  film 
inaide  tbe  loop  ii  broken,  the  surface  tensiori  only  acts  on  one  side,  and 
faencs  draw's  the  loop  not  into  a  cirrle.  Another  method  of  showin([  the 
mrttce  leiuion  is  by  m>rjn«  of  a  bcnl  wire  ABc  [Fig.  IjjJ  and  a.  slraighl 
wire  OR,  which  simply  rests  n^.-ainst  this.  If 
a  Boap  lilm  is  fonned  in  the  encto-icd  ipace 
tfW,  H  will  be  found  Uut  ilie  surface  leo- 
»ion  acting  on  OE  is  able  to  suppon  not  only 
ibe  wergfat  of  the  wire  df.,  bui  also  a  small 
««gfat  w.  This  atmni[cm<rni  mighi  also  be 
iHcd  10  obtain  a  rough  nvcastire  of  the  amount 
of  ihe  iur&cc  tension.  If  fl'is  lite  mass  of 
tbe  cross  wire  DB  and  its  attached  u'eifihi, 
(hen  the  Mirface  tension  of  the  libn  supports 
wdgbt  It',  and  therefore  exerts  a  force  of  Wg  rig.  i^j, 

nails  (rf  (brce.     The  surface  tension  of  the 

Aim  acts  all  aInnK  the  portion  of  ihe  wire  DE.  intcTrepled  bcineeo  llie 
leys  of  the  bent  wire,  and  acis  al  tifjht  an^li^s  10  the  wire.  Since  tlie  film 
ba*  iwo  turl^*,  if  ibe  force  exerted  on  unit  length  of  de  due  to  the  sot^ 

I  icnakm  of  «<sr  side  of  the  film  be  7',  then  llw  whole  upward  force  on 
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I>K  due  to  sur&ce  lension  is  1 7/,  vhcrc  /  is  the  Icnglh  of  DK  in  conuict 
will]  the  f\in.     Htncc  if  there  is  equilibrium 

^Tt~Wg, 


or 


1/ 


Tlie  iiuaiitily  7"iscalleJ/A/stirfai:«  iciision  of  the  liquid,  nnd  is  tlie  force 
exerted  across  unit  lengili  lakcii  aloiiy  ihe  surface  of  the  liquid.  In  tin- 
e.g.f.  system  llie  sutlacc  tension  is  measured  ui  dynes  per  tcnli. 
metre,     .The  dimensions  of  surface  tension,  are  [Forcc]-f(  Length]  or 

[ii/r-*]. ' 

In  ihe  arraiiKCmenl  shown  in  Fig.  133,  the  two  Umhs  ad,  BCare  iiot 
parallel,  for  if  they  were  the  artiingeincnt  would  not  be  in  stable  cquili- 
briuro,  but  in  neutral.  For  in  this  case  (Fig.  1 34)  the  length  /  of  the  film 
in  contairt  with  the  movable  rod  ef  is  cun^nnt,  and 
hence  the  force  3  Tt  exerted  by  ihe  fihn  is  inde- 
pendent of  the  position  of  the  rod  ef.  .Since  the 
downward  fon;e  ff'i;'  is  also  independent  of  the 
position  of  V.Y,  if  these  two  for.-cs  arc  exactly  equal 
the  rod  Iif  will  ren>ain  wherever  ll  is  put.  If,  how- 
ever, wc  have  not  succeeded  in  exactly  adjusting 
W  lo  the  riKht  value-,  then  if  W  is  too  small  F.P  will 
be  drawn  up  (ill  it  is  in  contact  with  VC,  or  if  H'is 
loo  Kfeat  Er  will  fall  till  ihc  ends  A  and  !>  nre 
reached,  when  llic  lilm  will  break.  \Vlien  ilie  side 
wires  are  inclined  as  in  Fig.  I J3.  the  lenyth  of  the  film  in  contact  with 
UE,  and  hcQcc  the  force  exerted  by  surface  tension  varies  with  die 
position  of  the  ctom  bar.  If,  when  the  bar  n  at  I>K,  \Vg  is  greater  than 
3  77,  the  bar  will  fall  to  »omc  «uch  posiiino  as  j/k';  so  that  the  new 
value  of  /,  say  /',  exactly  fulfils  ihc  (ondiiion  i  T/'  =  Wg,  If,  on  the  other 
hand,  W  is  too  sniaJl,  Ihc  bar  will  rise  and  /  diminish  till  this  relation 
n  fulfilled. 

In  tlie  case  of  the  arrangement  shown  in  Fin-  '34,  if  we  start  with  F-K 
in  contact  with  BC,  and  Ihrn  pull  it  down  into  the  position  shown,  we 
shall  in  doing  thii  have  to  do  work,  since  we  are  moving  ef  against  a 
force  of  3  r.EF.    The  work  done  is 

since  (IF.  is  the  distance  through  which  t.v  hai  been  moved  against  the 
force.  The  energy  correspond  in  g  to  this  work  is  stored  up  in  ihc  film, 
and  maybe  n?cnvered  by  allowing  ilie  film  to  contract.  Hence  if  A"  is 
Ihe  crwTgy  of  the  film  due  to  iVie  siirfiice  tension,  or  the  superficial  energy, 
wc  have  ^_     ^ 
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Angle  of  Contact 


Bu  Kr  X  w  u  the  area  of  the  film  A^  sap, 

E 


or 


T-\ 


7C 


Hence,  sinoe  £  i»  Uk  energy  of  ihe  Iwo  lurfaccs  erf  the  film,  each  of 
area  A,  £l2A,  or  T,  i«  the  enctgy  per  unit  of  area  ol  a  single  surface  of 
ihc  ttlm.  The  dimenuans  of  T  obinincd  from  iWn  consideraiion  art 
IKocrj^l-rlAren],  or  \^f/.'r^']-i■[/.'],  or  [vI/T^T  ;  ihe  same  result  m 
thn'  ohtaincd  before.  The  fnci  that  a  !K>ap  lilm  possesses  a  ttore 
of  potential  energy  is  iciy  evident  wlieo  il  iMeaks,  for  this  poteniinl 
energy  immedialcly  becomca  kinetic  energy,  and  the  liquid  of  wtiich 
die  film  tw  cMiipoied  is  projected  with  considerable  velocity  in  nil 
direct  iorii, 

158*.  Pressure  within  a  Soap  Bubb1e.~In  a  soap  bubble,  ttiu 
ptrssurt  buido  must  be  greater  than  ilic  external  pressure,  on  account  of 
Ihe  surface  Icnsioa  of  the  film,  uliich  lenils  to  niakc  the  bubble  contract. 
Lei  the  bubble  be  a  splter«  of  mdtus  A*,  and 
Ihe  pressure  inikle  exceed  llie  extumu)  pres- 
sure by  a  quantity  /.  Then,  if  wc  suppOK 
the  bubble  divided  into  imo  hemispheres  by 
a  solid  plane  partition  aucd  (t'lg,  1J5X  the 
area  of  Ibis  partition  will  he  irA'',  and  the 
downward  fnrcr  on  ibc  upper  surface  due  to 
the  excess  of  picstun:  fi  will  be  «A*/.  The 
film  nweis  il>c  partition  at  right  angles  round 
the  (ircuiofcreoce  of  llie  cirdc  akci>,  oralon^ 
a  length  ;ic^.  Herce  if  /'  is  the  surface 
lensMMi  of  the  liquid,  the  upward  force  exerted 
by  (be  surface  tennon  on  the  partition  is  iTxsirA',  since  (he  lilm  has 
two  tui&eci,  or  47  7'/f.  Hence,  siivce  ibis  upward  force  must  be  etjoal  to 
ihc  downward  force  due  to  the  excess  pieaMue,  wo  Iiart — 

irAV-4'7'/r, 

Kmn  this  expression  we  see  that  the  pressure  inside  a  soap-bubble 
decreases  as  tho  iHibbte  gels  larger.  By  mc^Lsiiring  ihe  pressure  /  within 
a  Mibte,  and  niHi  measuring  th«  radius  /f,  the  value  of  the  *ur&ce  tension 
Tcan  be  otitained. 

US.  Angle  of  ConUiCU— If  n  plate  of  glass  is  plunged  in  water  j 
with  its  side  \TiiiaU,  it  will  be  found,  as  shown  at  (a),  Ctg.  iy>,  il»l ' 
wlicn  the  liquid  touches  lite  gUs«  il  b  drawn  up  above  ibe  le^-el  of 
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the  geneml  Miriacc.  If.  however,  llio  glass  is  placnl  ici  nitreury.  ihe 
Mtrface  of  the  liquid  near  the  gliiia  is  dtpresscd  below  the  geiiemi  surfacf, 
ft!  shown  a\  (.').  Theanu'c  BPA  bclwcen  the  tanijcm  to  the  lifjuid  siir- 
ticc  at  the  piiinl  !■,  where  il  meets  the  solid,  xttA 
siiiface  of  the  solid  i*  culled  the  angh  of  iitnliiit 
between  the  liquid  .ind  the  solid.  The  angle  of 
contact  between  A  solid  and  n  liquid  (lepcnils  on  the 
■bird  inaieii;!],  which  exists  abova  the  ficu  iurface 
of  ihc  lic|uid.  Thu*  tlw  angle  of  toniact  between 
inerciiiy  and  El;l^i.  when  air  i»  altovc  the  iiiercuiy, 
is  diiTerciit  ftoin  the  angle  of  toniaci  nhen  there 
is  a  layer  of  ivaier  above  the  tncrairy.  In  ths 
case  where  ihc  anjjle  of  contact  Al'li  is  Xr-vi  than 
90*  ((<')•  Pill''  'J<'')i  'he  siiifacc  tension  of  thp 
liquid  surface  supports  ilic  pact  of  ihu  liquid 
u'hich  is  abl)^-c  the  general  level.  In  ihu  s;iine 
w.ny  the  surface  tension,  when  the  angle  of  con- 
lact  is  greater  than  *)o'  ((*),  fig.  136),  wiihsian<!s 
ihe  hydraitalic  preutirc  due  to  ihc  liquid  dis- 
pla':eil  near  the  surface  of  ihc  solid. 

160.  Capillarity.— If  acieaii  glass  lube  of  fine 
bore  is  dipjicd  tnio  v^i\le^,  (lie  water  rises  Inside 
the  tube  ami  sl.iiiiH  at  a  level  higher  Than 
the  surface  of  ihe  external  water,  Thi^  elevation  of  llic  water  \i  due  to 
the  angle  of  conl.ict  belwccn  yhui  and  w.nier  being  less  than  90°,  so  thai 
the  surface  tension  tends  to  raise  ttp  the  water  near  Ihc  glass.     Suppo^ 

a  tnlie  TB  (Fig.  137)  of  radius  /-dips  into  a 
liquid,  imd  tlie  angle  of  contact  benvcetl 
the  solid  and  liquid  i3  a.  The  suff.sce  of 
Ihc  liquid  meets  the  solid  along^  ihc  cir- 
eumfcrcnre  of  a  circle  of  railius  r,  and  so, 
if  the  surface  iension  of  the  liquid  is  /",  the 
force  exeiied  by  the  tension  of  the  surface 
on  Ihc  inside  of  the  lube  U  iwT.  Thi* 
force  is  everywhere  directed  along  the 
tangent  to  (he  hquid  surface  at  ihf  point 
of  contact,  (>.  along  I'.v.  and  miilces  an 
angle  a  with  the  side  of  ihc  luhe.  The 
w.alls  of  the  lube  will  iherefore  rcaci  on  the 
liquid  with  an  eqiia!  ai\il  opposite  force. 
Tlic  resolved  part  of  ihi*  force  parallel  to  Ihe  axis  of  the  Hi  lie  is  2irr7'co»  o, 
and  it  is  this  vcnical  foice  which  mppDits  the  column  of  li(|iiid  in 
the  tube.  Ml  that  the  weight  of  liijuid  In  the  tube  above  the  level  of  the 
general  surface  outside  must  he  equal  to  this  resnlvcd  force.  If  p  is  the 
density  of  the  liquid,  and  h  is  the  amount  of  the  elevation  in  the  tube. 
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the  volume  of  liquid  rAJscil  is  nr*h.  and  (he  mass  raised  \s  Kt'kf. 
downward  force  excrceil  by  craviiy  on  ihii  mass  is  "*ifv;'     Hcoce 
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TbiB  for  >i  tube  of  a  given  mnicrial  and  a  Khen  liquid,  m  llwt  a,  7*. 
and  p  are  ronuani,  A  i*  invcrwly  pmporiionnl  lo  r.  If  u  is  urcJiici  ilmii 
^'',  cin  n  t«  nrgatii'c,  aiid  liencc  a  i'  negative,  that  i«,  the  ki'cl  of  the 
Ikfuid  iniide  the  tube  will  be  Mtnt'  t)ie  gcner.il  Mirfeice. 

If  the  liquid  wets  lli«  walli  of  ilic  lube,  ihc  angle  of  contact  a  i%  tent, 
ta  tbM  CM  a  -a  I,  und 


Tbm  b<r  me^Minnf;  ilie  radios  of  a  capillary  tub«  and  tlie  capillary 
rJci-RtK>n  w«!  fjin  calculntc  the  value  of  the  surface  tenuon  7'.  Moat  of 
the  4C^iTaie  mciii^iircincni*  of  the  surface  teniion  of  liiiuid*  have  been 
(iMdc  by  mearis  of  capillary  ii\:t^^  lubes,  the  capillary  elevation  bcin}; 
mcasutrd  with  a  cailwtoirirter,  and  the  radiu<<  deduced  from  the  w-ciglii 
of  a  Ihrejd  erf  niercurj-  Alliri),-  a  nieaiuted  length  o/ihe  lube. 

161.  Ph«ROaMlia  due  to  Sur^ce  TeiUh>IL4The  apparent  attntc> 
lions  or  rcpalMonx  cxltibiie<t  by  snull  floating  bodies  on  tlie  ftur&ce  of  a 
liquid  arc  due  lo  wirface  teo»ioit.j  1*hu»  two  viuill  pieces  of  wood  floating 
OR  IIk  Mirface  of  waicr  rush  lotrrthcr  if  lltcy  come  within  about  a  ccnti- 
fiM'tre  of  one  anoilvcr.  Thii  it  <lue  to  the  fact  iliai  the  an)(lc  of  contad 
bemven  water  and  irood  is  leas  than  90',  so  that  the  water  it  slightly 
taaed  up  betucen  the  two  floating  iKxiies  a<>  in  a  wide  capillary  inbe. 
Tbe  (irvMutc  in  the  1i<fiud  betvcen  i«  k-si  than  in  iIk-  lutTUunding 
mats,  and  the  bodic*  conx!  together.  In  the  case  mhete  ibi!  annlc  of 
ninuti  is  greater  than  90',  as,  fi>r  instance,  wiih  Dccdirs  floating  on 
DKrcnry  or  grrased  wood  on  uaier,  the  liquid  between  the  bodies  is 
depcsxd,  and  live  Iiydro«iatic  prcswire  on  the  uutsido  foice«  the  bodio 
lotictlicr. 

If  inall  fragments  of  campltnt  are  placed  on  a  ckan-Maier  surface, 
they  dart  abuui  in  a  moil  life-like  manner.  This  ii  due  in  the  fart  iliai 
tlie  twnpbor  Jissob'es  slowly  in  ihc  water,  and  that  the  surbce  leiuKMi 
uf  a  sDJtnion  of  ciimptior  in  water  is  less  than  thai  of  pure  waicr.  Hence, 
if  the  ramphor  dtMulvcs  a  little  faster  at  one  tide  of  iIm  floating  fragn^nt 
tlun  at  the  otber  side,  the  surface  tension  at  the  first  aide  ii  redoccd 
L^eil,an<t  thegreaier*ur£u:eten3>o«ionibeolbeisid«dnws  llic  fragweot 
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162*.   Viscosity.  —  If  a    liquid   flows   over  a   horiionlul    pliUc   ab 
(Fig.  138),  llieo  Uie  layer  of  liquid  n«t  ihe  surface  of  the  solid  is,  on 

aixounl  of  cohesion,  at  rest,  and 
the  velocity  of  ihc  fluid  panicles 
in  the  different  Invert  is  grcntcr, 
the  greater  their  distance  from 
the  solid.  Hence  the  successive 
layers  of  liquid  \\xvii  difTcicut 
felociiies,  and  a.s  a  result  the 
more  slowly  iiiovins  layer  ttnds 
lo  retard  the  mMion  of  the  adjaireni  more  (juickly  moving  layer,  and  is 
itself  atceletaied  by  the  actioti  of  this  layer.  Thui  any  horiiontal  layer 
is  acted  upon  above  by  a  taiig'i'ial  forte  in  llic  direction  of  motion  of 
the  liquid,  and  bvlow  by  a  second  tangential  force  in  an  opposite  diree- 
tion.  Th,sc  two  forces  are  due  to  what  is  called  the  viscosity  of  the 
IJmiidi^hich  is  really  a  kind  of  friction  between  the  panicles  of  a  liquid 
when  the  differeni  parts  of  the  liquid  are  moving'  with  different  velociiiei. 
If  a  small  surface  c  in  the  liquid  of  area  a  be  taken,  parallel  10  the  (ixeil 
plane  Alt  and  at  a  distance  s  from  It ;  then,  if  !'  is  the  velocity  willi  which 
ihc  liquid  i»  moving  at  t^  the  taii^enli:d  rcsist.incc  (/i')  to  the  mciiion 
experienced  by  C  is  found  to  \yt  given  by  the  enprcssion 
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where  I)  la  a  constaiil  which  depends  on  the  nature  of  the  liquid.     If  A', 
v,  a,  and  )■  art  all  nicasutcd  in  Cg-s.  units,  Ihcn  it  is  called  the  coetlicicaU 
^  of  viscosily.of  the  liquid,  and  may  be  defined  as  the  lanj-cniial  iorce  per 

unit  area  wf  cither  of  two  hoiironlal  planes  al  Ihe  unit  of  distance  a;>art. 
one  of  which  n  fixed,  while  the  oilier  moves  with  tinii  velocity,  llie  space 
between  being  filled  with  the  viscous  liijuid  (Maxwell). 

I""  Tn  the  case  of  a  liquid  escaping  by  a  lonj;  and  narrow  mix-,  the 
velocity  of  dRux  depends  not  only  on  the  difference  of  piessurc  (/)  lie- 
Iwccn  the  ends  of  ihc  lulie  and  the  radiu»  (r)  of  ihe  lulw,  bul,  on  account 
of  viscosity,  also  on  the  length  of  the  tube  {!)  and  ilic  coefficient  of 
viscosity  (■;)-  'Hie  volume  (f)  of  a  liquid  which  escapes  in  one  second 
is,  according  lo  Poiscuille,  given  by  the  equation 

Thus  by  measuring  ihe  volume  of  a  liquid  which  escapes  from  a  inbe 
under  a  gi»-cn  difference  of  pressure,  the  coelficient  of  viscosity  tan  be 
determined  The  dimensions  of  the  coefficient  of  viscosity  are  [A"'  T~^M\ 
The  following  table  (-ives  the  rocflicicnt  of  viscosity  in  <.g.s.  units  for 
some  liquids  -.— 
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tSS.  SoluUOB.~In  cenain  c&ms  whon  n  solid  a>id  liquid  are  mixed, 
ihe  solid,  ami  Anyiate  part  of  ii,  becomes  ilUsoh-cd  in  iheliquiri,  foimiiig 
A  hnmoKcncoiK  liqwd,  (he  propenies  of  vrhich  may  dillcr  conskJerably 
fro>T)  ihosc  of  ib«  pure  liquid,  'liie  solid  and  liquid  pansofsuchasoluiioQ 
uinnoi  be  Mparated  l>y  mcchnnical  mcani,  lucli  as  filtrslion.  nor  will  ili« 
solid  separate  out  on  ttllowinK  the  soiutinn  tu  stand,  altlioutjh  the  density 
of  the  solid  may  be  vciy  difTcrcnt  from  tli.-tl  i>f  the  li<iiiid  (the  solvent]. 

If  we  introduce  a  few  crj'slaJs  of  Kommon  mIi  (widium  rhioridc)  into 
some  water  at  the  ordinary  lempeniiute  they  will  ditiiolie  ;  but  if  we 
cuDtinuc  adding  the  s.tlt  to  the  same  water,  a  time  will  luitic  whco  no 
mote  of  the  salt  will  di»vil\'c.  Under  these  circumstances  we  are  said  to 
have  a  uturatcd  wtlutktn.  If  tlie  tcmpcraiure  <if  the  uiunited  solution 
of  cnninion  salt  is  raided,  more  &a1i  will  be  dissoltTd  ;  on  allnwini;  the 
temperature  lo  fiS\  tu  its  oti^nal  lemi>cratun;,  this  addiliomil  salt  will  be 
deposited  from  llie  solution  in  the  fonn  of  crystals.  HeiK«  at  any  ten>- 
peralurc  there  is  a  fixc<l  mass  of  a  given  solid  which  can  be  dissoh-cd  by 
unit  m;iss  of  a  ffivcn  tolvcnt  to  form  a  saturated  solution.  This  miiss  of 
solid  is  rjillcd  the  cQcflkicnt  of  lolubility  of  the  solid  in  the  given  Movent 
at  tlw  |[ivcn  ictiijicranite. 

It)  addition  lo  havtii);  a  solution  of  a  solid  in  a  liquid,  wc  may  have  a 
soluiMa  of  a  ttijuid  in  another  liquid.  Here,  boweier,  ire  haie  to  deal 
with  too  cases.  We  may  have  two  liquids,  surb  as  alcohol  and  water, 
which  mix,  or  dissolve,  one  in  the  other  in  all  proportion^,  nnti  arc  said  to 
In  madblb  Or  we  may  have  two  liquid*,  such  as  etlier  and  water,  which 
an  art  soluble  in  all  pruporiiun^  thus  a  sivt.'n  mass  of  water  will  only 
dissolve  a  tnull  quantity  of  ether,  ^ming  a  saturated  sohilion  ofclbci  in 
water;  umiLrly.aipvcn  volume  of  etltern-ill  only  dissolve  a  small  (luantity 
(rf  water, afiain  l<iTtQin|;a  xaiurated  solution,  but  in  thiseaseof  water  in  ether. 

164.  Diinulon  of  Liquids.— If  tu""  liquids  uhich  are  misciblc  are 
Hitrodiiced  into  a  vessel  so  iliai  the  denser  is  below  and  the  lighter  it 
jibo^e,  then,  just  at  in  the  case  of  ifSMs,  dJITiision  will  take  place,  some 
of  iho  lighter  li<|uid  travclting  don-i)  and  miaini;  with  ibc  heavier  liquid, 
aitd  vifM  vtna. 
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fThc  rate  at  «iiicli  liquids  (iifTuie  is,  howevof,  extreintly  &inal1,  oa 
compared  with  th«  rate  nt  which  ^^isci  difiiue.  'Win  fnct  cootirTni  ihe 
molecular  theory  df  the  conxiitution  of  liquids  and  gaMi,  for  in  gascn  it 
u  tuppoMd  that  the  niolKtilcs  travel  about,  only  occasionally  coming 
near  enough  to  other  nioIcculc6  to  iortuencc  their  motion,  the  jircater 
p;iit  of  their  pnih  being  traversed  iminflucnccd  by  other  niokct>le«>  In 
a  liquid,  on  tlie  other  hand,  altboutjK  the  inoleculea  move  aboiu,  they 
never  get  f.ir  en<>u|[b  aw;iy  from  the  adjacent  molecuki  to  escape  from 
the  inBiicncc  of  ihc«e  ninlrcukf^  so  that  nUhoujjb  a  liquid  inokcute  niay 
move  relatively  to  nrighWirinK  molecules,  as  wion  as  it  passes  out  of 
the  range  of  influence  o(  one  set  of  molecule*  it  comes  within  ibe  nngc 
of  other  nioteculet.  Iltnce  the  iiiolccular  nioiion  in  liquids  is  mtjcb 
more  con^iriiinnl  than  in  the  case  of  ga^es  and  we  should  evpcct  the 
rate  of  diffusion  to  be  slower, 

I'hi-  rates  at  u-hich  iiijiiidt  (in  most  cases  solutions  of  salts)  diAuu 
into  water  wetu  c\|jeri  men  tally  deicruiined  by  Craham  in  the  follou-ing 
tnall^<^^.  A  small  widt- mom  lied  bonlc  A  (Fig.  139), 
filled  wiih  the  liquid,  was  closed  by  a  ]j1a>is  pl.4ie,  and 
then  placed  in  ;t  larger  vessel  B  cuiirainin^  water,  so 
that  the  surface  nf  the  mater  was  above  the  top  of  the 
l>oitie  A.  The  ftlass  plaic  was  then  carefully  slid  off 
the  top  of  ihc  boitlc.  and  the  liquids  left  to  diffuse. 
After  a  certain  time  samples  of  the  diflerent  Uyert  of 
Ihe  mined  liquids  u*er«  drawn  off  by  a  pipette,  and  the 
com ixisi lion  of  the  solution  dclcnnined.  With  nolu- 
lions  of  the  s;ime  substance  of  diffirrent  sticnj^ths, 
Craliam  found  tliat  the  rales  of  diffusion  wctc  proportional  to  the  strengths 
of  the  solution.  Tiie  rale*  of  diffusion  of  diffrrcnl  substances  iitc,  how- 
ever, very  different. 

If  we  consider  ;i  small  cylinder,  one  centimetre  long  and  one  square 
centimetre  in  cross  section,  and  if  the  con  cent  rations  of  the  solution  of  a 
aalt  in  water,  (>.  ||ie  mjiss  of  the  salt  toniained  in  unit  volume  of  the 
solution,  at  the  two  ends  of  ihc  cylinder  differ  by  unity,  then  the  quantity 
of  salt  in  grams  wbirh  will  diffuse  throuijb  ihc  cross  section  of  the 
cylinder,  (.f.  through  unit  arc^.  in  a  i(»y  is  called  ihc  ditlii«inn  consian; 
of  the  salt.  The  following'  table  gives  some  values  of  the  diHusion  con- 
■laiit  in  grams  per  square  cfniitnetic  per  day  :— 

DiPFU&iojJ  Constants. 
Hydiochlorie  acid     .  .  i.j   grams  per  sq.  cm.  per  day. 

Sodium  chloride                -        •  o-ll           ..  .,            .. 

Urea oi8t           „  „ 

Cane  sugar        ....  0.31           „  „            „ 

While  of  ej^     .        .  .  OU05  „ 

Caramel    .....  <xo3          „  „           „ 
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A  consideiation  of  the  tabic  or  the  iHtmioa  ransunts  given  abov« 
ihowt  that  the  rales  of  ililTiuiim  of  ilifTcrent  !iuliotai«;i-!i  vaiy  very  ton- 
uderahly.  Thus  hjilrucli brier  acid  dilTuici  about  one  hundred  liint's  as 
fatt  ai  canunct.  Kor  ihii  rcaioii  bodies  have,  been  (ubdividcsl  into  twaj 
dn«scs,  one  roniatiiinK  tuch  bo<)ics  as  hydiochlolic  acid  and  the  salts  ' 
the  mineml  acids,  which  .tre  motily  crystalline,  and  diAuse  rninpara lively 
rapidly.  These  arc  called  crj^ia}l<iul%.  Tbc  other,  containing  ^ucli 
bodies  M  Kuin.  albunten,  caramel,  and  the  Ukc,  vbidi  are  clue-like 
bodice  of  aiDurpbous  forni  that  ddfuse  veiy  ilowly,  and  ara  called 
coIIomIs. 

A  lUin  of  A  colloid,  turh  as  paper  coated  with  starch,  if  placed  a*  n 
partition  in  n  vcstrl,  with  pure  wBler  on  one  side  and  a  *oliilion  of  crys- 
inlloids  and  colloids  on  the  oihcr,  will  allow  the  cr>-sinUoid»  to  diffuse , 
ihroitgli  into  Uw  wsier,  but  entirely  stopi  tlw  parage  of  the  coDoids. 
Tlius  a  ii.iDoid  sepiutn  presents  the  diAuiion  of  other  colloids,  but  aDows 
the  difliisiui)  of  crystulloids. 

Ift5.  Osmosis. — If  in  a  t-c»el  \  {Fij;.  140).  such  at  a  thistle  funnel 
with  iis  tai^ei  end  dmed  by  a  sheet  of  parchmvni,  wc  pinrc  a  solulion  ' 
of  copper  nilphaie,  filling  tbe  vcuel  up  to  abniii  i>,  and  then  place  it 
as  (bown  in  the  fi|{n'^  "*  that  the  parclimctit  it  briow 
tbe  *ur£*ce  of  some  pure  water  contained  in  a  vessel  c. 
Then  it  i»  ((taod  that  the  water  makes  its  n-ay  ihrougii 
the  parchment  partition  into  A,  the  solution  in»ide 
trrwlually  risinff  up  in  ihc  iiiIk-  nil.  Thus  ihc  water 
has  beea  able  to  pass  through  ili«  paribment  in 
opposiliun  to  the  hy<lroitalic  pressure  due  to  tbe 
eoluniD  of  liquid  ni'.  After  a  time  the  water  ceases 
(o  (btce  its  way  ihniu^h  ibu  pattiiion,  it*  tendency  lo 
da  to  bcbg  cotinierhalanced  by  the  hydrostatic  pres- 
sure. It  vill  also  be  noticed  that  in  time  some  of  the 
copper  sutphate  travels  txil  into  the  mrrowndinf;  water. 
It,  inneivd  of  placing  ibc  tcswI  a  containing  Ihe 
copper  sulphate  solution  tn  piito  water,  it  is  placed 
in  a  KituiKMi  of  copper  siilpliaio  of  the  laine  strcn};ih  as  that  in»ide,  no 
■JiaDf^  in  th«  quantity  of  Kquid  in  the  vessel  takes  p'ace.  If,  however, 
it  is  placed  in  x  sironseT  Mlutioit,  water  will  pou  out  from  tlie  vetod  A, 
w>  that  ll»e  Mlatiun  inside  beromts  mora  cnnceniralcd.  These  pbcno* 
tnena  are  called  ownotig,  atid  ibo  pres^^ure  prnducd  in  the  1  esiel  con< 
i;uninti  tbc  salt  toluiios,  when  placed  in  >-ater,  is  called  the  Mingiic. 
pt«]ure. 

Cy  usin^;  as  ilii^  separating  membrane  a  substance  which,  while  it 
readily  permits  the  panayc  of  pure  naicr,  is  impervious  to  the  pasMge 
irf  cett:iin  substancei  when  dissnl^'cd  in  the  water,  I'feflfcr  waii  able  to 
■neiiciire  the  osmotic  pri-ssutc  due  to  soltiiions  of  didercut  substances 
U  dilliemil  coiKcBtrations.     Thus  in  tlie  case  of  can*. 
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semi  ■permeable  membrane  i*  prepared  by  depoMlin^  ferrueyanide 
copper  wfiihin  ihe  pores  of  a  porous  earthenware  eyiinder.  The  cj'lind«r, 
filled  wjih  the  tafpix  toluiion,  U  plunged  into  pure  w-aicr,  and  the  raaxi- 
nium  pressure  dciclopcd  iniiide  measured  by  means  of  a  manomcicr. 

Tlie  osmolic  pics6urc  may  be  explained  by  supposing  thai  ihc  Kcmi- 
pcTme:ib!e  membrane  is  »tnick  on  both  sidc«  by  the  water  molecules, 
but  since  there  are  fewer  water  molecutcii  per  unit  volume  inside,  some 
of  the  space  l>eing  occupied  by  sujj-ar  nioletulcs  which  cannot  traverse 
the  tncmbniiic,  more  water  molecules  will  in  a  given  time  strike  Ihe 
outside  of  ihc  men^brsme  ih.in  the  inside,  and  hence,  as  the  walcr  mnlc- 
ciiles  <an  paw  thrau)-li  the  membrane,  more  water  molecules  will  coici 
than  leave. 

In  the  following  table  some  of  PfclTer's  results  are  given : — 


Rncenugc 

of  soffu  m 
ulullon. 

1 

4 
6 

Osmotic 
Picssute  in 
ttiv.  of  Met- 

cury  =  P. 

535 

101.6 

2o8.2 

3<>r-s 

Dentily 
of 

Soluiion, 

Most  ofSugnr 

itl  I  CC,  M 

Soluiioii. 

Volume 
of  Solution 

cniitAiniiitf 
1  grm.  of 

.SiiKiu-  =  V. 

PV. 

1.0030 
1.0078 
1.01  s8 
t.0198 

0.00 1 0U4 
0.003016 
0.004063 
0.006119 

99.6  CC. 
4^6     „ 
3461    „ 
16^34  » 

S3»9 
5039 
SI  14 
Sois 

It  will  be  seen  thni,  if  wo  consider  the  sugar  when  in  solution  as 
occupying  the  volume  occupied  by  the  solution,  ilieo  ilie  ptodutt  of  the 
osmotic  pressure  (/')  into  the  volume  ( (')  occupied  by  a  grain  of  sugar 
is  constant.  This  result,  as  was  first  pointed  out  by  Van  'I  liofT,  corre- 
sponds lo  tio)'lc's  law  for  gases. 

Meniurcni<-nts  of  the  change  of  osmotic  pressure  with  temperature 
have  shown  ani.'tlicr  remarkable  relalion  between  the  behaviour  of  a 
dilute  solution  and  of  a  gas.  Thus  the  osmotic  pressure  (/')  of  a  1  per 
cent,  solution  of  cane  sugar  at  a  temperature  /  is  given  by  the  fonntila 

/'-4g.6i(i  +0.003671"). 

The  coefficient  0^00367  will  be  found  later  on  to  be  the  same  sa  that  for 
the  i-ariniion  of  the  pressure  of  a  gat  with  Icraperaturc  {%  196). 

It  is  only  for  dilult  solutions  that  the  above  tcsentblances  of  the 
behaviour  of  the  dissolved  body  and  a  gas  hold.  It  would,  however, 
appear  that  in  such  a  dilute  solution  tlic  inoleculei  of  the  ditrolvtd  Ijody 
exist  in  a  condition  in  some  way  rciemMing  tli^it  which  occurs  in  a  ^.-is. 
Wc  shall  see  later,  pariiculnily  when  we  come  to  consider  the  electrical 
properties  of  dilute  soluiious,  what  supposiiions  have  been  made  to 
account  Tor  the  fact  that  It  is  only  when  dilute  that  the  solutions  obey 
the  above  tjaseous  law&. 


CHAPTER   XIX 

PR0P8RTIBS  OP  SOLIDS 

106.  Isotropio  Bodies.— A  ixKly  in  uhich  jt  ipbcricnl  portion,  irhen 
leslod  in  dificicm  diiC'lion^  exhibits  no  dilTcrcnce  in  iw  physical  pro- 
pcnici  U  laid  to  be  iiMrofiu:  Except  under  very  spccUI  condiiions,  nil  r 
liquHti  and  gues  ar«  isottopic.  Sonic  solida,  lawever  (for  instaacc, 
cry&uUX  «xliilnt  diflerent  phy»ical  properties  in  dUGBrent  direciions,  and 
are  called  xokXropic-  In  most  or  ibe  foUou-ing  MClions  we  ^all  deal 
eNdusivdy  w-tih  ihc  pcnpcriiet  of  iiolropic  solid  bodies. 

167.  A  P«rr»ct  Solid.— When  disciissing  the  diiiinciion  between 
tolKb  and  iKjuidi,  wc  pointed  out  that  there  wa«  no  clear  line  of  dcmar- 
cation,  but  iluit  from  a  rigid  solid,  such  as  glass,  there  b  a  contiituom 
senc*  eKtendiiit;  tlirou^h  M>ft  solids  such  as  lead  and  butter,  very  vUcous 
liquids  such  as  sealin};-wax  and  pitch,  to  tieaclc  and  glycerine.  Ju.it  as 
ID  considering  the  behaviour  of  liquids  we  dealt  with  a  typical  liquid  mcb 
a*  w-ater,  m>  in  the  case  of  solidf  u'c  shall  consider  one  in  which,  after 
uiffering  a  strain  which  ahers  its  thape,  on  tli«  lemwal  of  ibc  strvss  it 
comptetely  regains  it)  former  shape.  Sueli  a  solid  is  called  a  perfect 
tolkl,  and  the  above  coiiditiuns  arc  pmciitally  niiified  by  nuuiy  solid 
budtci  so  long  as  Ibe  drfunnini;  itic^is  docs  nut  surpass  a  certain  valac. 

168.  XallMbUlty  and  Ductility. -JBy  malleability  is  meant    the 
property  poiir^scd  by  some  snlids  of  being  beaten  into  thin  wheels  with-      .    ji''^ 
iiui  losing  their  cantinuitjg  fOf  all  niaicrials  pure  gold  possesses  tho    l^ 
property  of  mallcabitity  to  the  mo^t  marked  defprec^  Thus,  when  pre- 
paring gold-kaf,  a  piece  of  gold  is  fimt  rulted  into  a  sheet  siMnenbai 

thinner  than  foreign  note-paper,  next  a  portion  is  beaten  out  between 
two  sheets  of  vellnm  till  its  surfare  has  been  increased,  and  therefore  its 
tbid^ness  decnated  about  iweniy-fohl.  This  (wtDly-fold  decrease  of 
thickness,  without  nipturrng  lite  sheet,  can  be  again  twyco  npeiatcd.         . 

(By  ductility  is  meaiu  the  property  of  being  drawn  out  into  line  wires./     L-''''' 
A  rod  of  the  metal  is  passed  in  saccesMon  iliruugh  a  nnmber  of  holes, 
each  a  Kitle  amaller  than  the  last,  tlie  diameter  of  Ibe  ml  continually 
decreasing,  white  its  length  is  correspondingly  IncrcasciL 

lAlk  Rardnus.— ^^'lIC^  one  body  ran  be  made  to  scratch  a  second, 
but  cannot  be  scratched  by  it,  we  uy  that  the  fomicr  body  is  harder  ilian 
'^  laiter.    Alilioagh  some  attempts  have  iN-en  made  to  deviMft^^da^ 
tmtcly  mcatuiisg  the  hardness  of  bodiea,  tlicy  liaw 
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nit«n<lcd  wiih  much  sunx»L  All  tlut  cin  be  done  ai  present  it  to  i;ivc 
ft  Iwjdy'i  posiiicin,  ni  fnr  a\  linrdnc^*  is  concerned,  in  n  K^Ie  of  lianlncH 
compntcd  of  various  bodice.  Tlic  scale  iisimlly  adopted,  and  due  la 
Mohs.  is  Hs  follows,  the  first  bein^  ihc  toftnt : — i.  "laic  j  I.  Crystallised 
Gypsum;  3.  Calcspar:  4-  Fluorspur;  5.  Apatite;  b.  Felspar;  7.  Quartx; 
8.  Topai ;  9.  Sapphire ;  to.  Ui.imnnil.  A  body  havinj;  a  hardness  of 
6.5  nonld  be  one  which  would  scratch  felspar,  and  be  tcmichcd  with 
nlioui  ihc  «nmc  case  by  quarti. 

170.  QasUeity  of  Volume.-^:Solids,  with  frw  cxccpiions,  ate  very 
slighily  compressible,  in  this  property  tesertibliny  !iquiili.J  Tlie  volume 
claslicily  of  a  solid  is  iiicuiurrd  in  the  same  way  a*  that  of  a  li<iuid. 
Tlios  if  a  unifonti  prc^sun;  of  >»  dynes  per  si[aurc  cenlimclrc,  nciing  every- 
where noniial  to  the  surface  of  the  solid,  such  as  would  Ik-  produced  if 
the  solid  were  immcised  in  a  li(;uid  under  a  prrssuic  /,  is  applied,  nnd 
Ihe  volume  chanifcs  from  V  to  I'- 1',  then  the  volume  etastiriiy  of  the 
solid  \%  p-~-'  V  at  pV'v.  The  following  tabic  gives  the  value  of  the 
voluiiK  elasticity  of  some  solids  : — 

Volume  Ei^sticity  or  Solids, 
Glass       .        .  .        .  4-1 K 10"  dyiws/cm'. 

Itnus       .....       ifli6  „ 

Iron  (wrought)        ....       14.9  „ 

Steel  .        .         .       t8.8  „ 

171.  Elasticity  of  Shape  (Rigidity).— The  elasticity  of  shape  or 
rigidity  of  a  solid  is  nie.isiircil  by  ilie  r;nio  of  the  stress,  i.e.  ihc  force 
producing  the  tlange  of  shape,  10  the  strain,  i.e.  the  r.hangc  in  »h.ipe, 
produced.  The  shape  of  a  body  may  Iw  altered  in  various  ways  :  (hui 
d*  weights  are  altaelu'd  lu  one  end  of  a  wire,  llic  other  end  bein^'  held 
fast,  the  wire  siretchcs  ;  on  the  removal  of  the  weights,  so  lonf(  as  the 
wire  has  not  been  too  murh  deformed,  it  regains  its  original  Icnj^th. 
Another  way  of  nllering  the  shape  of  a  body  is  10  twist  one  end  while 
the  olber  end  is  held  f.isl  ;  or  again,  if  one  end  of  a  rod  is  lielii  in  a  vite, 
and  the  ollur  end  pulled  on  one  side,  the  rod  becomes  bent  ;  in  cath  case 
the  eliisticity  of  the  solid  will  resist  the  deformation,  and  when  the  stress 
is  removed  will  cause  the  body  to  rtsumc  its  unslrained  position.  We 
shall  consider  cjrli  of  the  above  methods  of  sirainin);  a  solid  separately, 

172.  Elongation:  young's  Modulus -Hooke's  Law.-.Suppnse  a 
wire  of  Icnj-ih  /.  and  radius  r,  when  stretrhrd  by  a  foicc  P  in  the 
direction  of  its  leii),-ih,  increases  in  length  by  an  amount  /,  ilien  the  stress, 
or  force  per  unit  are.i.  acting  on  the  wire  and  lending  to  increase  its 
leoglh  is  /' -r  area  of  crois  section,  or  /'irf',  The  loul  eloogalion 
b«ni;  /,  ihe  strain,  or  elonKation  per  unit  length  of  the  wire,  is  //i. 
Hence  the  modulus  of  elut icily,  Y.  is  given  by 

stress       n'  _.      It  I       Pi' 
St  ram  wni 


V 


t 
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young'*  Modulus 
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Y  »  callfd  Young's  modulus  and  it  may  he  cx]>crimctttnl!y  dcter> 
mined  by  mcuna  of  Uie  umngcmcnt  slio«n  in  Fig.  i^i.  T»-o  wires 
aX  the  nutcrial  lu  be  tated  ai«  mcuitI)'  lasicii^d  in  an 
avdbcwl  Ijcom  at  A.  To  one  of  ibevc  wires  is  aiuchcd  a 
imall,  finely  divided  »cal«  R.  and  to  ihc  oiber  n  i-croicr. 
Attached  10  ihe  io««r  end  of  one  wire  arc  iwo  weiichi*  P, 
which  teivc  to  keep  tlie  wire  Mreichcd  tight,  and  In  the 
loner  end  of  the  other  »iie  it  aiuchcd  a  scnlc-pan  k,  in 
which  ihe  weit;hti  used  lu  stretch  the  wire  cuii  b«  placed 
The  elonii'aiHiQ  pniduced  by  tlie  weights  is  tiicasured  by 
ihe  <-eniii;t  and  scale  The  object  of  \\v:  second  wire 
i*  10  cliinriutc  the  ciTecix  of  any  chan){C  in  Icnijlh  ptoiluccd 
iti  the  wire  hy  a  rhan^^e  0/  temperature,  since  such  a  chanj^ 
would  -iilctt  both  uir«s  10  the  sanio  extent,  and  hence 
would  not  affect  ilie  reading  on  the  »cale.  The  »aiiie 
icmaik  applies  to  any  £ivc  of  tbc  support  at  a  produced 
by  die  added  wei|;hts.  So  Ior);  a.i  the  wci|;hl  uicd  to 
stretch  U>e  wire  is  tuA  »  fcreai  M  to  pioducc  a  pemianent 
clonf^tion  of  the  wire,  it  is  found  that  the  c!ont;ntion  is 
pfoportioRal  10  the  streldiinx  fbite^  Tliia  is  known  as 
Hooke's  bw. 

The  following  table  gives  the  mtue  of  Young's  modulus 
for  some  ineuU  — 

Young's  Modulus. 


Steel  (hard  drawn) . 
Iron  (wTotighi) 
Silver  (dran  11) 
Bnss  .drawn) 


lux  to**  dyoesj'tm'. 

1-9  « 

0--  .. 

■  ■■  » 


F'lO.  Ml. 


t73.  Bendlns — When  a  rod  ab  (Fig.  msX  l^nitly  fixed  at  .1.  has  a 
force  applied  at  B  at  rit^hl  angles  to  .V^  it  becomes  bent  into  sach  a 
Cmto  as  A^.  In  this  case  Ihe  upper  parts  of 
the  rod  have  been  siretrbed,  while  the  linrur 
pans  have  been  contpresscd,  to  thai,  except 
>  br  a  ihin  haiid  duitii  the  middle,  il>e  itraiii 
is  really  one  of  clongaliiwi.  If  ibe  nxl  is 
rMTtniiguUr  in  sutian,  and  of  deplh  d  ami 
bnaMllh  t,  ilie  length  bcin};  A  and  a  ft>ree  of 
P  dyoH  Urflcctt  ibe  end  through  a  distance  /,  then  Young's  modulus  Y 
bgivvn  by 
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\i,  iMiead  of  b«in^'  fix«d  at  one  end,  the  two  ends  of  the  nxl  ore  free, 
but  art  aupporteil  on  two  kiiife'Cilt'ci  pbced  iil  a  dUiaiiLe  Z,  iijiari,  and 
Ix  »  ihc  <liiiiin<.-c  through  which  the  centre  uf  tJic  rod  is  deflected  wlieu 
loaded  with  a  Ibroe  /*,  Young's  modulus  is  jnvcn  by 


K- 


It  will  be  noticed  that  in  this  ctue  we  are  practically  dealing  with  iwo 
rods  each  of  length  J-yi,  fixed  as  in  the  lirei  case,  and  earh  aned  upon  by 
a  force  P\i  in  the  upiv.ird  direction  at  t)to  point  where  ihc  tod  rests  on  the 
knirc'edt,'e3. 

174.  Torsional  Rljrldlty.— If  one  end  of  a  cylindrical  wire  of  radius 
r  and  knjjib  /  is  kept  fixed  while  a  twisting  couple  u  is  apptie<l  to  the 
Olhur  end,  and  under  if  lis  Iwiiiing  stress  the  end  of  the  wire  turns  through 
an  angle  (/>,  il  is  found  that  jo  lonj^'  as  i^  is  not  too  (jrcal,  this  angle  is  pro- 
porlionai  to  ihcapjilietl  couple  fif,  so  ihal  if  the  couple  is  doiiWed,  the  angle 
through  which  the  end  of  ihc  wiic  is  iwisted  is  also  doubled.  Tlie  ^alue 
of  ^,  in  terms  of  the  dimensions  of  tJie  wire,  is  given  b>-  the  equuiiun 

.     2^»r   I 

where  n  is  ft_cciisi?nt  depending  oa  lhe_naiure  of  jhc  material  of  the 
wiroj  and  is  called  the  simple  rigidity  or  coefficient  of  lorsinnal  r]gjdiijf_ 
of  the  wire,  li  will  be  noticed,  sincc^is  inversely  propOLiional  loTIic 
fourth  power  of  the  ladius  of  the  wire,  that  the  delk'Ction  produced 
by  u  given  couple  increases  (-ery  rsipidly  as  the  nidius  of  the  wire  iIl- 
ere.ises.  Tims  if  the  radius  of  the  wire  is  reduttd  to  a  half,  the  value 
of  ^,  corresponding  to  the  same  value  of  the  dcAcrring  couple,  increases 
Hxtecn-fold.  The  importance  of  tliis  rapid  decrease  of  Ihc  torsional 
rigidity  of  a  wire,  when  the  diameter  is  reduced,  tomes  in  when  we  use 
ibe  rigidity  of  such  a  wire  to  measure  small  forces  ajid  couples,  as  in 
the  Cavendish  experiment,  liy  very  r.ipidly  drawing  out  a  sm^ll  stick 
of  quartx,  raised  to  a  while  hrjit  in  an  oxy-hviirogcn  blowpipe,  Hoys  has 
I  produced  threads  of  fused  quarii  of  such  cxiieme  fineness  tli.M  a  force 

^K         of  one  dyne  acting;;  at  cachcnd  of  a  lever  I  ccnlimelre  long  {i.e.  a  unit 
^H^       couple)  will  (wist  one  end  of  a  fibre  lo  centimetres  long  through  3&0*. 
^H^  The  following  tabic  gives  iht/coeflicient  of  torsional  rijjidijy  lor  suine 

^^^^  solida  ;— 


StMPLR  RlOlDITV. 


Sled . 

Iron  (wmiight) . 

Brass 


Quattx  (fused) 2.9 

Glass 24 


S.I  X  to"  dynes.'cni? 

7-7  „ 

3.8 
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175*.  Torsion  Pendulu[n.~if  a  solid  body,  suspended  by  a  wire,  li« 
tniited  awrty  fmm  ii%  pmiiion  of  rai  nnd  ihcn  rc-lca<«d,  it  will  execute 
S.H.  TibratioiH  aboui  iis  position  o*  rest,  ftw  ilic  lorsionitl  rigidity  of  the 
wire  will  f^ve  a  force  lending  to  reuore  the  body  to  its  original  position 
pTOfmnkmal  lo  ihc  deAeciion.  If  w  is  (he  restoring  couple  due  to  the 
rigidity  o(  the  tiro  pioduccd  when  Ihe  body  is  twisted  iliruU];h  unit  angle 
(a  radianX  and  A'  is  the  inomeat  of  ioenla  of  the  solid,  then  the  time  of 
4MdOatioR  is  given  by 


t*rm 


V' 


y? 


Fstiiiitint;  the  value  of  m  in  icrms  of  the  ^mplc  rigidity  and  dtineti* 
if  ihc  wit«. 


Such  a  torsional  pendalum  can  be  used  to  prove  that  Uook^sJaw  holds 
for  (onional  strain^  ihal  if,  ihai  fhe  rci>torin}[  couple  or  stress  is  propoi^ 
tkmal  to  the  strain  nr  iwisi,  (or  the  lime  of  ntcilinlion  is  bund  to  be  inde- 
pendeni  of  (he  amplitude  of  the  vibruiions,  and  it  is  only  when  ihc  mtoriiiK 
ftwcc  b  proportionnl  to  the  delkction  thai  this  i$acbro{i<r  '^  secured. 

176.  Elude  Limit,  Elastle  Fatlgue.—li  is  (nand  tbai  if  a  solid  is 
dcfomtcd  more  than  a  cciuiii  amount,  ibcn,  on  the  removal  of  the  itc- 
fentiintrsireMiit  does  not  completely  regain  its  original  form.  Wnder  these 
cirtruinuBiKc*  ihe  body  b  «aid  to  have  been  stmined  beyond  its  clauic 
limit.  Tbe  limiis  within  which  they  may  be  coBSHl«re<l  as  coraplelely 
cLisiic  vary  vory  much  with  diflcrcni  materials.  'Oms  ijusrir.  anJ  lo  a 
less  extent  slcvl  and  gbsSt  can  suAer  a  consideraUe  strain,  and  yet  ulieii 
(he  stress  is  rcmoi-ed  they  will  recover thtir  original  form  ;  while  soft  itun, 
copper,  and  U-ad  cxliibit  a  permanent  defoimatioo  of  "set "even  with 
quite  small  simins. 

Il  is  fiHind  that  if  the  deforming  stress  b  continued  for  a  long  lime 
the  straiu  pnidocrd  (;tadu.t!ly  increases.  Tins  phenom^lMO  is  referred 
to  as  eUstic  Eiti^ue,  and  it  seems  to  sImiw  that  for  loBg-coDlinued  stresses 
the  nvotecules  even  of  solids  ^-radnally  take  up  new  configurations.  A 
somcivlut  simitar  pheoomcnan  is  the  foci  thai  after  a  solid  has  been 
sirainrd  even  bdow  ii«  eUsiic  limit  ii  docs  nol,  on  the  removal  of  the 
ddbrmiag  Ihrce,  tiDme<lialcly  return  completely  lo  its  original  fomi,  but 
onFy  docs  »o  after  some  limo.  Thus  if  a  siher  wire  is  twisted  in  one 
dbvctiuo  and  kept  twisted  for  a  day,  and  tlien  twisted  in  the  opposite 
duectian  for  an  hour,  on  heing  released  it  docs  nol  completely  recover, 
bat  remains  sligbily  twisted  in  the  ditrclion  of  the  Usl  twist.  This 
rvsidiwl  twist  gradually  disappcirs,  and  then  a  slight  twist  in  lite  direction 
of  tiw  first  oar  appears,  n-.tflies  a  maxirmun,  and  then  dies  out 
wire  thin  "remeniljers"  the  deformaiion  previously  applied,  and 
TTsidnal  effects  appear  In  I  be  opposite  order  to  the  original  deForroatic 
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CHAPTER  I 
THERMOMETRY  AND  EXPANSION  BY  HEAT 

177.  Temperature.— Alihoiigh  wc  nrc  able  in  many  cases  to  dis- 
(Inguitili  by  our  seiibatioiis  between  lioi  niiil  colli  Iwdies — for  iniiintice,  w© 
tan  by  louch  ofttn  determine  which  of  two  bodies  is  the  hotter— yvt  our 
xcnsps  dnnnt  |iermit  of  our  fonniiij;  a  ^un'i/ila/jtY  csiimriic  of  the  aniimnt 
by  which  one  is  hotter  iban  ihe  other.  In  ordiiwry  Inngungc  hl-  ii^c  ihe 
woids  hoi,  warm,  tepid,  cool,  cold,  &<:.,  to  indicate  a  scries  of  staiei  of 
a  body  with  relercnc«  to  heal.  In  scientific  Unguage  wc  usk  the  word 
UmftriUure  to  express  the  ianie  series  of  condition.  Thus  a  hot  boily 
IS  will  to  have  a  higher  lempcmlurc  tlian  s  cold  body. 

Ai  ive  shall  sec  in  the  following  pages,  the  diniaci eristic  which  alwvc 
flll  others  dislingiiiihcs  bodies  of  which  the  tcmpc-ralurcs  differ  is,  iliai  if 
these  bodies  arc  placed  in  ront.ict,  then  hcit  will  of  itself  pass  from  the 
one  to  the  other  until  they  reach  the  same  temperature.  That  body 
which  loses  hciii  during  ihc  pnjccss  of  ctjualisation  is  said  to  be  at  Ihc 
higher  lempcralirre. 

It  is  found  that  not  only  docs  the  sensation  wc  experience  when  wc 
loui:h  a  body  vary  with  the  Icmpeiniiirc,  but  alio  ihnt  mosl  of  the 
physical  properttes  of  matter  change  when  the  teiiipciatiire  changes. 
Thus  the  density,  elasticity,  rcfrActivc  index,  &c,  of  a  body  all  depend 
on  the  temperature. 

In  order  to  have  a  means  of  measurinp  tempemlure,  wc  m.ike  use  of 
the  cbange  in  some  physical  ptojjeriy  of  some  kind  of  matter  which  lakes 
place  a»  the  temperalure  of  the  body  changes.  The  physical  pio|)erty 
which  is  mofii  often  employed  for  this  purpose  is  the  )enj;th  of  a  ^olid,  or 
the  volume  of  a  liipiid  or  ^va,  bolh  of  which  depend  on  temperalure.  In 
order  to  define  certain  fiied  tempetalures,  we  also  make  nsc  of  the  fact 
that  the  physical  slate  of  a  body  depends  on  the  tempcisiiirc.  Thus 
accoriiinj;  to  the  leniperntnrc  wc  may  have  the  same  kind  of  nialter 
exisiins  as  a  solid,  a  liquid,  or  a  gas,  as,  for  instance,  ice,  water,  and 
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ueam.  It  is  fciiind  ihni  ilurinK  (he  itm«  ihe  cbanKi*  rram  one  »la(c  10 
tli«  Aiher  \s  Roinjc  on  t1i«  tm^pcraitirc  rcimiins  conitani.  Tlius  if  a 
<)iiaitiity  of  pounded  ice  is  heated  uvt^r  a  lUnie.  the  whole  Ixins  kepi 
ui-ll  aiitTttl,  although  i!ic  ice  licconiM  };radua!ly  converted  inlo  water  the 
icmperature  docs  not  ti*e  till  tlic  la»l  panicle  of  ire  has  been  melic*!,  the 
licat  mpfilicd  by  the  flame  hcint;  dimply-  iiwd  up  in  chanKin^  ihc  body 
from  the  tnltd  itaic  into  the  liquid  state  U,  after  Ihe  ice  is  all  mclieil, 
Ihc  brniine  !*  continued,  the  water  will  eventunlly  begin  to  boil,  becoming 
converted  into  the  gaseoiii  stale  (stcain\  and  during  the  ch.in^ic  the 
temperature  fif  the  reruaiiiint;  water  will  leiiiaiii  cxmatant.  li  will  thus 
be  Mcn  that  we  nuy  use  ihc  tctnpcr.-iliiics  ai  which  a  given  subslaiK«, 
under  |jit*n  condition*,  chanjjcs  its  slate  at  fisicd  poinu  on  a  scale  i>( 
tcHipctniure. 

In  order  to  wbdivide  the  inicr^al  between  thc«  two  temperature*, 
osc  is  made  i>f  the  chanec  in  volume  of  some  duid,  IHUAlty  merCTiry  or 
liydrogen,  which  ofciiis  wiih  chan>;e  in  temperature.  Now  there  is  no 
A  prit>ri  reason  for  suppoftini;  ilui  the  r-i/f  of  chiuige  of  volume  of  a 
wlntancc,  «ay  mercury,  with  tempciatuie  iii  the  ftanie  at  ull  tenipetnluiea. 
Since,  howtrer.  we  have  no  special  mean*  of  meaituriiiK  leniperuturc  a» 
d&tinct  ftoov  the  iffccta  of  temperalurc  on  the  physical  iKOpcnie*  of 
bodies,  ««  haix:,  at  any  tiil<;  as  a  si.ininj;' point,  to  atiuKf  thiil  the  talc 
of  change  of  some  fi\cd  pmperiy  of  some  standard  sulHiance  inconstant, 
an)  to  use  tliis  change  to  subdivide  the  temperature  between  our  two 
fised  points  Vot  the  present,  at  any  rate,  we  shnll  lake  ibe  change  in 
volume  of  nKrcury  when  conUtined  tn  a  {.'lass  vessel  as  the  means  »f 
defining  the  temperature  beiu-ecn  our  fixed  points. 

178.  Theraiometrlc  Scales.  ~Tlie  Inwer  fixed  point  of  nMMi  scales 
of  temperature  >s  the  leinperniiire  nf  nieltuig  ice  under  ordinary  aintM- 
pberk  prtMUrc  ',The  iip|ier  fixed  piitiit  is  the  temperature  of  the  Hte:un 
Siven  fifT  fmm  ^Yer  biMlin];  under  the  pressure  of  one  uamUrd  alino»- 
pbere  '5  t3iV 

Lrl  [•  be  the  npfiaicnt  inrrrasc  in  volnme  of  a  given  mass  of  mrmiry 
enr^oird  in  a  gins  envelope  when  it*  temperature  is  raised  from  that  of 
ir  to  that  i>f  water  builtK)^'  under  standard  coitditHms.    Then 

It'  il  of  temperature  which  will  catit«  ihis  quantity  of  mercur)-  to 

Fxpantl  tn- an  nmoanli-i'lcoi* called  adegret!  Centigrade,  imd  ii  Inditatcil 
by  Ibe  symbol.  I*  C.  On  the  Ccntigrndc  scate  (linl  used  by  Celsius)  the 
icmpctature  of  mching  ice  it  ealtcd  zero  (o*  C.\  ntid  that  of  boiling 
mtcr  100*  C  tlw  interval,  as  has  been  said,  being  diiitled  irito  a 
liundrrd  degrees.  For  temperatures  below  tliat  of  tneliin^  ice  tlic  scale 
»  cimtiiiiiFd  diiwtiwardi,  the  sign  minus  being  prefued.    I'hm  a  tern- 

pcnUwc  Rndi  that  ibe  vnluine  of  the  abore  moss  of  mercury  11  -^  /fn 

ibtm  at  o'  C  b  indicated  h>'  -J*  C.  tn  a  simitar  way  Uie  acale  is 
rnntintird  abov«  100'  C.     In  all  scientific  work,  and,  <«    '    '  •«•■ 
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cxoeplioRt,  for  everyday  u»e  also,  the  Ceniifindc  fcal«  of  temperature 
!■  «iiploy«d  ia  nil  coiintrir*.  TTicre  are,  howevei,  two  o«hct  soilcs  of 
lempenilarv  octasioially  t'niployeil.  In  one  of  ihcsc,  ihc  Fahrenheit 
vole,  the  temperature  of  melting  ice  is  cillcd  33*  F..  &nd  thai  of  water 
boiling  aadcr  nandard  cdDdtlions  3ia'  F^  the  interval  beini;  divided 
into  180'. 

The  Fahrvnhdl  scale  i»  in  uw  in  F.ngland  for  comtncreial  and 
meteorotoi^cal  purpoMS-  Tbc  other  tcnipcraiiitc  scaIc  is  one  due  to 
K^aiuiiur,  on  which  the  temperature  of  melting  ice  is  called  o'  R^  and 
that  of  boiling  »aicr  80°  R..  tbt  intfrval  being  divided  into  80". 

Any  reading  on  one  of  thcM  scale*  can  easily  be  ciHiveiled  to  the 
corrcipoDding  leadbg  or  either  nf  the  others,  for  from  the  dcfiniiioni 
too  degieca  <vn  the  CcniiRndc  srjilc  nrc  cqi:al  to  i3o  degrees  on  tlie 
Fahreitbeitsrale.  and  to  80 degrees  on  the  Reaumur  ktaIc.  I.etc./andr 
iodicaic  the  rejulincs  corref-ponding  to  the  I'imc  lemperaliirc  on  tlic  thriK 
Kales.  Then  »ince  o*  C.^ji'  F.  =  o'  R.,  if  we  deduct  Ji'  from  the 
Fahrenheit  reading  we  Imvc  the  numlwr  of  degrees  on  each  scale  by 
which  the  given  temperaiure  iliAen  from  ibe  tetiiperalurc  of  melting  ice. 

Hence 

«:/-3a :/-::  100: 180:80^ 

100       iSo      So 

lly  means  of  iheM  equations,  ni>y  leniperaturc  on  any  one  scale  can  be 
nnn>ri1i.)t''ly  c.ui\er'.t-<l  11110  riilier  <fcf  the  other  scales. 

ITS,  The  Mercury  Thermometer. —The  most  commonly  employed 
initrtMneni  foi  the  tne-aiuremeni  of  lemperattire  is  the  memiry  thenno- 
nteter.  T1i«  ordinary  forai  of  a  ntercury  ihemionieier  is  shown  in 
I^MC-  M>    l>  cntttisis  of  a  glass  Iwilb  b  umtainiag  nierctu)',  connected 
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to  A  item  TA,  which  i*  iTaremil  Ity  a  luid,  unifnnn  capillary  bocc 
Such  a  themtometer  l>  (lllrtl  hy  aliat  hing  n  small  l\innel  to  the  npcn  eml 
of  ilie  tube.  Mt»t  |4«<.-iit|i  «>!«•  pii(i>  niwl  ilrj-  menuty  in  ii.  The  bulb  is 
then  slightly  hraieil,  mmte  vt  Ihr  niiitatneii  aii  being  thiis  expclkd,  aiKl, 
nncootinci*  'itt^  nwrcuiy  it  iliivrn  lni»  ilir  hiilh  by  the  aimosphciic 
pnnam.  This  meir-uty  »  th*n  h(«ti«l  illl  It  IhuI*.  the  mercury  vapour 
mi^iniC  Mil  the  air,  an  iluti  nalun  ihn  loilh  iiviU  iliv  men'urv'  U  drit-en 
ilk  and  i-omplciflv  6»«  it>»-  '>"»<  .i»il  iiil-i-,  Ibi-  thTinu'MWier  n  then 
heated  up  (o  the  '  mihk  nhltti  li  l«  Iiite«u1eit  to  measure, 

and  the  end  of  iVi<  -i  ili«  l>l<tw|il>H>  (l<in<v.     (^  cooMt^,  ifatt 

•Bcrcury  (<on(racts  aiKl  the  mlunHi  ilnlit  In  llM  iltin,  Wviim  a  vacwtm 
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nt  the  top  of  ihe  tttbc  In  order  to  pnn-ent  the  juercury,  at  high 
lemperaturct,  dbiitlingf  tn  thn  lop  of  the  hore,  the  liibc  above  the 
mercury  tt  sometimes  lillcd  wiih  wmc  rm  which  does  not  act  chemically 
OD  Ricrcury,  &uch  us  nitrogen,  under  pressure. 

In  thermumetcrt  ini«iMk-d  for  accurate  inciuurcments,  the  scale,  as 
b  ahuwn  in  Ftj;.  u^  i»  {■cnemlly  eiit:'^>'C(l  on  the  outside  of  Ihe 
tiem.  lu  Mme  G«nDan  (liemuiiiieieri  tli« 
stem  is  made  very  iMrTOir,  and  the  scale  is 
engmred  on  a  separate  piece  of  opal  jjlnis 
atlafhcd  tn  the  bark  of  the  stem,  the  whoie 
being  cnclmcd  in  a  ^u%%  lube,  in  order  lo 
protect  ibe  scsk  and  tubci  and  so  that 
their  relative  posiiion  sliould  not  var)-. 

180.  DetermlDiition  of  the  Fixed 
Points  of  aThannomeUr.—'Dicfrceiini;- 
point  of  a  mercury  Ihcrniometer  is  deter- 
mined t>y  Hirrounding  the  bulb  and  the 
stem  Hp  lo  the  icro  nuirk  with  ptirc  snow, 
or  finely  poiindcd  puic  ice,  then  pouring 
over  the  snow  or  ice  some  distilled  water. 
The  theraiometer  is  allowed  to  stand  in  the 
mixture  of  ice  and  water  till  the  rtJidinj; 
become*  constant.  It  i«  of  utmiHi  Impor- 
DUK«  thai  the  ice  or  snow  nsed  in  deter- 
mtntng  the  frenin/'poini  sltould  be  quite 
free  from  cuniomtnation,  such  as  »ll,  as 
otherwise  ibe  lero  obtained  will  be  loo  tow 

In  determininj;  the  upper  fixed  point 
(the  boiling- pMnt)  ibc  thetmociKicr  is  wis- 
prndcd  in  il>c  arranccmeni  shown  in  Fig. 
■44,  so  that  the  end  of  the  iivcrcury  column 
just  projects  above  the  top.  The  steaiii 
rning  Iroitl  Imilint;  water  in  live  vessel  A 
posses  up  the  tube  D  into  the  Uuide  tube 
C  which  surrounds  the  themwimcicr,  then 
dowD  between  the  inside  and  ouiside  tubes, 
and  eacttpct  by  a  Uieriil  opening  R  into  a 
liebiif  condenser  r.  Here,  by  mean*  of 
a  stmin  of  cold  water  which  is  passed 
nralMl  the  outside,   it  becunics  condensed 

and  returns  as  water  la  the  boiler  through  the  tube  c.  TIm  barometric 
heiifht  must  be  noted,  fnr  the  tempcmlure  of  the  sieam  rising  from 
lioilinK  water  ranra  wiih  ibc  pressure.  It  is  only  when  ll>c  pieMure  ror- 
rr«punds  to  the  wetglii  of  a  column  of  nwr«»Myat  o'C  ;6an.high,  measured 
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ai  »ca-lc«'cl  suid  st  Iniitude  4$*,  that  the  tempenittiTe  b  too*  C.  If  the 
presiure  ir  diffcrwit  a  corrwriion  will  have  to  be  ;ip|itie<].  which  may  Ijc 
obiainrd  Trom  tablet  t!iviQ)[  ihc  tcmpcraiure  al  ihc  sicam  ^'ivrn  oflT  froni 
boiling  water  (il  diflcrcnt  prrMtircs  (^  iiH). 

The  reason  for  pUcing  ihc  thermometer  in  the  sicnrn  nnd  not  in  tlu; 
boilint:  u'iilcr  \%  lh.il  ii  In  found  that  Ibc  Irmpcinldrr  nf  the  bojtjng; 
walef  di:p<'iids  to  a  ccrlaln  exicnl  on  the  nature  of  the  vessel  Jn  which 
the  iratcr  \%  rnniAinctL  Aiioiher  nnponaiit  toRiidcrsilion  is  that  imall 
quuntilicj  of  impurity  in  ihc  water  alter  the  tenipentlurc  of  the  water 
ai  which  ebullition  ultet  place,  but  do  not  sfTcct  the  tcDipcrature  of  the 
tieam. 

181.  Calibration  of  thu  Thermometer  Tube— If  the  bore  of  n 
thennoincier  were  of  exactly  uniform  i;ro»  seLliuii  t!irou({hiiut  its  whole 
IcnRih,  equal  lenifihi  nf  the  bore  wxiuld  everywhere  have  equal  capacitiei^ 
so  that  if  the  Mem  belwcrn  the  two  fixed  point*  were  divided  into  loo 
equal  prarts,  the  volume  of  the  bore  between  any  two  divisions  would 
be  exactly  i)o  of  the  volume  between  the  fined  points.  In  practice, 
however,  this  condition  is  never  quiio  arcurately  fulfilled,  the  bore  of 
the  lube  I'aryin^  tli^htly  in  criist  tcctioo  from  pnini  to  point,  s<^  that 
equal  lengths  no  longer  lepresenl  equut  volumes.  Since  we  UK  equal 
inrrenienti  of  volume  of  the  mercury  to  measure  equal  increments  irf 
lempcrature,  it  becomes  necessary  cither  to  place  the  divisions  of  (he 
scale,  not  at  equal  dist.inccs  apart,  but  so  spared  that  the  volume  of 
the  bore  between  any  two  division*  is  evcrywlicre  the  «ame,  <>.  make 
the  divisions  closer  in)(eiher  in  those  parts  wbcro  the  bore  is  wide,  and 
further  ,t|)iin  where  the  bote  is  more  narrow,  or,  liHvin^;  divided  the  Mem 
into  divisions  of  equal  length,  to  determine  a  serieti  of  cuireclions  to  be 
applied  to  the  readings  to  allow  for  the  inequalities  of  the  bore. 

To  subdivide  a  tube  into  divisions  corresponilini;  to  equal  volumes, 
or  calibrate  the  tube,  as  it  is  cilled,  a  thread  of  mercury  3  or  3  cm. 
long  i*  dmwn  into  the  tube,  if  the  calibration  is  performed  before  tlie 
thermometer  is  made,  or,  in  the  case  of  n  finished  thermometer,  a  short 
length  of  the  mercury  column  is  separated  from  the  retiwinder  either  by 
jerking,  or  by  heatin);  the  c<ilumn  at  the  point  where  scpartlion  is  required 
by  means  nf  a  small  )-as  jet  about  j  nin^  high.  This  thread  is  moved 
to  diflcrent  parts  of  the  tube,  and  its  length  measured  either  by  means 
of  the  gniduations  on  the  lube  or  by  a  horiionljil  caihclomcter.  Then, 
since  each  of  these  length*  cora'spimd*  to  a  volume  of  ihe  bore  equal  to 
that  of  the  thread  of  mercury,  we  get  the  ivibc  di^'idcd  into  intervals  of 
equal  volunic.  Dy  using  threads  of  various  lengths,  a  lube  can  in  this 
way  be  \ery  accurately  calibraietL  The  pn>ccis  ii,  however,  a  very 
lengthy  one,  and  the  corrections  of  a  thermometer  are  generally 
obtained  by  comparing  its  readings  with  thiwe  of  a  «jndard  thermometer, 
which  has  been  previously  calibrated,  when  the  two  lliermometers  are 
plac«d  in  an  enclosure  so  that  (hey  are  at  the  nnte  temperature. 
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^P     182.  Errors  of  Mercury  Thermomelers.— Two  mercury  thermo- 
meters, of  which   the  tubes  liai*  lieen   accunilely  ratihratcil,  will  give 
reatlings  whi-ch  aj;ree  very  cloicly  with  one  another  if  ihe  k'""  of  which 
they  are  cnmposcd  ii  of  exactly  the  umc  kind-    Thetmomrtcrt  made  of 
^^iCf^nt  kindl  of  gUu  do  not,  hoa-ever,  agree  <'Oin|ilclcly,  owing  <o  the 
^Bkct  ihai  the  diflcrcni  kinds  of  glnM  do  not  mpnnd  exactly  alike,  and 
^Biat  what  we  observe  t&  the  diScrcnco  between  (he  «xi>ai»ion  of  the 
^^pcicury  and  of  lite  glau  envelope 

^"  Another  effect  due  to  the  b'*w  '*  "  gradual  rije  of  the  icro  point,' 
which  |[tM»  on  a  long  time  after  the  iheimoincicr  it  tiiniic  This  riRc  it 
^^Bpid  for  ibc  first  frir  monlhtt ;  it  then  gradually  hrromrs  tlowrr,  but 
^Bocs  not  stop  even  after  tnany  years.  Th«  riiw  U  due  to  (he  Kr»>)U3l 
^BKOvery  of  the  glass  from  the  effects  of  ihc  cKtrcmc  healing  lo  which  Ji 
^PWas  subje<:lcd  when  tlic  ihermonirfr  was  made.  The  iti.t),'iiituile  uf  llii> 
'  secular  nw^  of  the  ien>,ai  ii  is  called,  depends  on  the  natuie  of  the  glata, 
_and  the  following  table  ^\'rK%  suiitc  valuei  for  iwn  kinds  of  glus,  from 
liich  ibe  Ragniinde  of  the  efFccl  CAii  be  judged  : — 


Sbcdlak  Ckangr  op  ZCROl 


-V«n«  Dur.- 

■•C»j«L" 

Du«. 

Zon  Reading 

imt. 

ZCToRmdlOK. 

Feb.      tSSs    . 

-0-I44 

May      Itt;    . 

+&I30 
-t-Oi-lJl 
+ft333 

+0.376 

July.     l88t    . 
Nov.     1W5    . 
March  1836    . 

-aiat 
-0.112 

Nov.     188;    • 
Mardi  iS»    . 

-0,106 

May      1886    . 

Dec     1886    . 

-0096 

(Ki.     i88r   . 

+O.SOI 

Sen.      1887     ■ 

-0.091 

A>«-     1888    . 

-0090 

r 

^H     It  hai  been  propoeed  to  hasirn  the  Mcular  ri«e  h>-  matniaining  the 

^^DMrtiuwnetcr  at  a»  high  a  teinperJture  aa  it  will  vtaml  for  tome  days, 

then  to  keep  it  for  soitie  day*  at  a  lomcwhai  lnwcr  leinperature,  and  wo 

till  (he  teinperitutes  nl  which  ibe  ihermomeler  in  lo  be  u»ed  are 

rhrd  I  the  leaion  tir  thit  ireaimcni  lieing,  that  it  i»  found  that  the 

'  riic  ix  more  nipi<i  ax  high  temperatures  than  at  low,  10  that  in 

lis  way  the  gmtler  part  of  the  riie  can  be  got  over  in  a  few  wrckv 

In  addition  10  tlie  lecutar  rite  of  ibc  xero,  a  lenipnrary  luwenng  of  ihc 

I  takes  place  when  Ibc  iltcrmntncter  has  hern  h»icd  even  to  com- 

atircly  law  lemfxrafura,  due  to  the  temporary  enlargement  of  the 

lib. 

<  Of  tatne  ilv  rile  in  thr  nro  rtmSatg  b  aceompuitd  >>r  an  equal  rve  In  aR 
'  nlia  K*^np  nf  IW  tbetmw  ■mi.     Tke  miB  ">im  ia  tlw  t*m'  b  mfiofd 
t  thk  TtB-  H  gnstaBf  <lal«t«cd  by  otivrralkm  on  Iha  loan  flstd  pcM. 
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183.  Haxlmum  luid  Minimum  Thcrmomoters.  — ThctmoineieTs 
for  rcgisleriiiK  llic  hifihnl  or  lowcsl  tcnipcrawre  rrarhcd  diirinit  any 
iincnal  ate  much  used  in  meicnrology.  The  commonm  (onus  are 
Itutherfbr<l'»  aiid  Six's. 

RutlierfuTil'i  maximum  tliermufi^etcr  consisu  of  an  onlinary  merciny 
thermometer  wiiti  a  small  iron  in<lex  iniioduced  inio  the  bore.  Since 
mcrcutj-  does  not  wcl  irou,  wlien  the  temperature  rises  the  mercury 
cnhimn  piishcn  the  index  before  it,  but  when  thi^  temperature  lallx  the 
meicury  docs  not  dtnu-  tbc  index  luick,  i>a  thai  the  end  of  the  index  next 
the  bulb  indicates  the  hitjhcsl  IcmprrAliirc  reached. 
The  minimum  ihermoincter  ha*  alcohol  for  ihc 
llicnnomctrir  liquid,  and  the  index  \%  of  glass.  The 
glaH  '\%  wetted  by  the  alcohol,  and  hence,  when  the 
teiiipetamrc  falls,  the  index  is  carried  along  by  the 
tetrealing  surface  of  ilie  alcohol  on  account  of  capil- 
larity. When  the  temperature  riiet,  the  alcohol 
llowK  past  ihc  index,  but  docs  not  move  il,  and 
hence  the  end  fiiiihcst  away  from  the  bulb  indi- 
i.at«s  the  lowest  [cmpcraiure  reached. 

In  Six'»  thermometer  the  maximum  and  mini- 
mum temperatures  arc  shown  by  iwo  snintl  indexes 
un  the  same  ihcnnonicter.  The  ihcrmoniciricliquid 
il  alcohol  L-ontained  in  the  bulb  A,  Vig.  143.  At  the 
end  ol  the  alcohol  column  ii  ptacMl  a  thread  of 
mercury  BC,  while  the  tcmamdpr  of  ilie  tube  and 
part  of  tlic  bulb  d  is  filled  with  alcohol.  The  two 
ends  of  the  mercury  thread  serve  to  iniiitaic  the 
teiiipcrature.  Two  small  glass  rodi,  fiited  wiih  a 
small  slecl  spring,  as  shown  .it  C,  nic  puthcd  up  by 
the  incrrufy  btil  arc  kept  fiom  slipping  down,  when 
the  mercury  rcireais  by  the  springs.  The  bottom 
of  the  indev  v,  show,  the  lowest  (empctature  reached,  since  it  indicates 
the  •.m.illest  volume  which  lias  been  occupied  by  the  alcohol  in  A.  In 
the  saiiif  way  tlie  bottom  of  F  shows  the  highest  temperatures  reached, 
The  indexes  can  be  moved  down,  and  hence  reset,  by  a  small  magnet 
which  ntlracis  ihe  steel  springs. 

184^  Linear  Expansion  of  Solids.— If  the  temperature  of  a  solid 
IxKiy  is  raised,  the  distance  bclwecn  any  two  points  in  the  body  in 
gencr.il  incK-a^ci,  and  the  body  is  said  10  eipand.  Thus  a  cylindrical 
bar  of  a  metal,  say  iron,  when  its  icinperature  is  raised,  increases  in 
length  ;  it  also  increases  in  mdius.  If  we  only  coniidcr  the  increase  in 
length  that  t.ikes  place  in  any  given  direction,  we  an-  s.iid  to  deal  with 
the  linc.ir  expansion  of  the  body. 

Tliis  expansion  of  solid  )>odics  with  heat  is  made  use  of  in  many 
ways.    Thu*  the  iron  tyres  of  carriage  wbeds  ar«  mode  sJighily  smallcf 
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than  the  wooden  rim.  The  lyi*  it  ihcn  heated,  so  ihnt  ic  expands  and 
M  placed  found  the  »'l»ccl.  On  coolinc  th<?  irnn  rntiir»ct«,  nml  binds  tlie 
■  wrond  finnly  tO),-eiher.  'Hic  same  kind  of  operation  it  j;unc  throu},'h 
when  RukinK  lun;c  goa^  whicli  uie  built  up  of  a  nuinltvr  or  cylinders 
liilint;  ODc  orer  the  other.  The  iaoide  of  cacb  eylinder  ii  made  ju>i  n 
little  nnaUer  than  tlie  outside  of  the  previuui  one,  then,  bi^  heaiinx  Uk: 
outer,  ii  expand*  till  ii  will  ilip  over  the  inner,  and  nn  cooling  slirinkK  on 
to,  and  becomes  firmly  aii;tched  10  the  innci  cytimler. 

In  nil  Urjje  mclal  tlnicluics,  mch  as  bridKci,  vcty  rnn-fiil  pmvi- 
sio«  has  to  be  ni»dc  ■«)  at.  lo  nlloii-  for  the  expansion  and  contraction 
whidi  takes  place  nith  change  of  temperature,  oihcrwiM  the  biructurc 
would  b«  UraiiKd  or  c%«n  niptttred. 

ir,  when  a  bdr  uf  a  solid  of  len^ili  /  ■«  healed  from  o'  C.  lo  i",  it 
increaM-s  in  U^nglh  to  />-£/,  then  H;l,  or  tlie  increment  of  length  of  unit 
tenj^th  of  the  bar,  i«  called  the  ciicfficient  of  linear^  expaniion.  If  n  bar 
uT  u-hicb  ilie  coefficient  of  linear  expansion  is  a  n  hcntecTlrom,  say,  /,  to 
tf,  and  if  A  i>  the  length  at  o',  then  the  length  at  /|  will  be  L^+f...Mt„  or 
/j;i  t- <!/,},  and  the  length  at  /,  will  be  /^{i+iU^  HcDcc  the  increase 
'  IB  tcBgib,  wlien  healed  from  /,  10  /^  is 


ar 


'~lf /.r,  tMlic  letictli  at  fj,  since  A/f/^l-t-W,),  llie  incivaM  in  length  ai 

or  dZ^{/,-/,)(i  -a/,+4c.X 

since——.  —I -•!/,  + icrois  in  <t'Bnd  highn  pm>«raof>f. 

Hence  ibc  increase  in  IcRgtli  is  ijZ,r,(/,~/,)-£(,/,(7,-/,)a'.  If,  there- 
fare,  OS  i»  thr  ciw,  a  is  very  snuill,  io  that  leim*  in  <*"  can  be  neglected 
on  accoaDi  ef  tbeir  extrctne  sinalloess,  this  reduces  to 

«£*,(/,-/,). 

Wc  tberefore  get,  to  the  cue  of  linear  eiqKiatiion,  thai  the  increaxe  in 
length  b  cqiul  to  the  original  kn^b  miilliplietl  by  the  ri>clBcieiil_  nf 
linear  expansion  and  by  the  increase  in  lenipcni|i|r^ 

In  {1m  catc  of  t)i«  expansion  (culncil)  of  ^fm,  the  codKcient  of 
expaiunm  is  so  gnM  that  ibc  term  involving  its  M^uare  cannot  be 
iMglccled.  aiMl  Ueact  the  cocflkieni  •<! expaitsion  haa  tu  be  defined,  with 
tefeimie  10  tile  stale,  at  o'.  \i\  the  laie  oif  tlie  linrar  expansion  tjf 
solids,  alilMtigh  for  iIk:  sake  of  unifiTinKy  n'e  have  taken  the  incmnenl . 
m  the  lenKih  bcinen  o*  and  I'  Ja  Oie  definition,  the  aboire  invcsttgfttMtt-J 
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showE  that  *s  a  is  &lw*)rt  vct7  small   wc  need  not  have  dime  xn^ 
but  may  simply  dclinc  ^thc  cooflicieni  of  linear  eipitiisiuii  uf  a  solid  , 
as  the  increase  in  leiiKtli  of  unit  IciixUi,  whtn  liic  iciiipcrjiu:c  is  lais 

185.  Heasuremeat  of  tbe  CoetQcJent  of  Linear  Expansion.— ' 
Since  the  diManrc  hcturcn  the  marks  nn  all  siandards  uf  length  i«  only 
what  it  puTpons  to  be  .\i  one  (cniperaiuie,  it  is  tery  imponaiit  to  know 
the  coclYicicnt  of  linear  expansion  of  the  riiaicrial  of  wbit:li  ihc  iiandatds 
u.r«  inailv,  in  urder  iliat  we  inay  be  able  tu  tedui:c  nieaiuFcmcnts  iiia^ 
at  ary  (cmperalurc  lo  whai  ihey  would  be  if  tlie  standatil  hud  been  at 
tlie  ternpeniture  at  which  it  is  eorrecL 

The  amount  by  which  solids  expand  when  heated  ihrniiKh  any 
rca.ionable  range  of  icmpentturc  bein^;  VRiy  sm;ill,  3  bar  of  iron  one 
meirc  long  al  o'  C.  trxpandinif  lo  r.ooi  17  metres  when  heated  to  loi*  C, 
the  chief  diffiiruliy  in  dctcrniinin);  the  coefficient  of  expansion  lies  in 
nieasunn),'  the  iiKieasc  in  Icnttih'  1'"'o  iiivtlioda  liave  been  used  for  this 
purpose.  I  n  iht  first  of  these,  by  a  sytiiein  of  levers  (partly  inaleriiU  and 
partly  opiiual)  the  ex|>anMuii  is  t-teady  inii^jnilied,  and  then,  from  the 
rclnlive  lenKths  of  the  aimi  of  tlic  Icven,  the  .iclual  expansion  n  cnl> 
culatcd  from  the  tnaj^nilied  mriveinent.  In  the  other  method  the  utmost 
lelineinent  is  introduced  into  the  insirumenis  for  nieasuiin^  small  leni^ths, 
and  the  eipuutiioii  is  measured  directly.  The  relative  accuracy  of  these 
two  method*  is  very  diflTetent,  unce  in  the  Grst  method  it  n  atmusi 
impotAible  to  meastne  with  any  |{reat  decree  of  accuracy  the  actual 
amplification  given  by  the  levers.  In  ihe  second  tnclhnd,  however,  by 
the  combination  of  a  microscope  with  a  niicmmetcr  «rrew,  or  by  means 
of  optical  inicrference,  it  is  possible  to  measure  the  expansion  with 
considerable  accnracy. 

As  an  cvaini<lt  of  the  (irel  method,  we  may  take  the  experinienls  of 
Lavoisier  and  l.apl;?ce. 

The  liar  HK  (Fig.  146)  to  bc  measured  '%%  placed  in  a  water  baih,  the 
end  K  rcKiing  ag.iinst  a  Arm  siopL    A  lever  1*  pivoted  at  n  carries  a 
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telescope  at  its  upper  end  and  rests  against  tlie  end  H  of  the  bar.  1'he 
telescope  is  fociisscd  on  a  vertical  scale  ab  fixed  at  some  distance  away. 
'l*he  bar  being  packed  round  l^■ilh  water  and  ice,  ihc  reading  on  the  scale 
which  coincides  with  the  cross  wire  of  the  telescope  is  taken.    The  water 


in  (li«  bath  »  Ilicn  healed  lo  a  tcmperauirc  /,  which  is  nu-ASuretl  by  a 
llicnnumctcr  placed  BloD^tidc  ihc  bnr,  and  the  bar  cipaiids  lu  c.  ihc 
end  K.  renmininK  Against  the  stop.  The  cxpinsion  of  (h«  bar  inovn  the 
I  lever,  whkh  lilts  (he  tclcicopo  down,  »o  ibiK  ibc  tuiagv  of  Ihe  pwint  k 
I  ii  now  seen  to  coincKlu  with  the  eroos  wire.  Since  the  («o  Iriaii|;l«& 
HCtj,  AK  tat  similar,  ««  have 

TIC^'AB.Sg. 

AG 

\i  ITG  and  AG  ate  Bieaiured,  the  expantiiMi  //c',  and  Ikdcc  the 
j  coefficient  of  otpaniion  af  ibe  bctr,  tan  be  calculated  from  llw  *liflerenc«i 
\'A0,  in  the  scale  rcadinjift. 

As  an  cx^tmpk  of  ilw  wcond  iiHrlhod,  ««  may  take  the  mea»urcmenl> 
made  by  Roy  iuid  Kamsdcn  wlwn  dettrniiniii};  the  rocflk-icnt  of  expao' 
sion  uf  the  lodi  n»ed  in  tneaaurin};  an  arc  of  the  nx'iidian. 

Roy  and  Runsden  cntploycd  thicc  irou^hs,  AB.CD,  :uid  Er 'Fig.  H?). 
Thee  itouchs  were  of  such  a  length  that  they  coutd  Iwld  the  bar  to  be 

^^  npeTimrntcd  upon  and  two  similar  ban  of  iroik.  Ai  either  end  of  each 
nf  these  bars  an  upnghl  was  fixed.  The  two  upri^hls  on  ihc  bat  in  AB 
tuny  the  eycpie<vs  of  tvo  small  tel«Ki>pe4,  iheMt  eyepieces  being  fitted 
«rilb  cniM  wttes.  Tlie  upn(;ht»  on  llie  bar  in  CI)  cairy  ihe  object -glasses 
ot  the  tclcicope^  whJc  thote  nn  ibe  bar  in  P.r  oui)'  two  line  tpiJer  line* 
brmin^  a  muv  1*he  oprigbl  C  on  the  bar  In  C1>  can  be  mov^  ihmugh 
a  small  distance  paralkl  to  ihe  length  of  (he  bar  by  Ti)ean<>  of  an  adjutiin)( 
•ciTw.  The  central  bar  rats  on  lollcn  and  i»  held  by  a  spring  which 
precsu  againit  the  end  nearer  c,  so  that  the  other  end  rests  againtt  the 
piilnl  nf  B  micrometer  SCiew  M-  The  iliree  irouxht  are  Itrvl  fdled  with 
pdund«d  ice  ur  snow,  so  titai  ihe  temperaiuie  of  all  tbicej 


nx.     Tte  ap^fta  6  it  An 

I  tBI  AriHBve  ^  Ac  OMM  <n»»  ■  I 

TW  KE  is  4e  tatNi^  at  i>  : 

"if 
11*  trMfta  AB  Md  tr  at*  kifi  feA  «tf  kx.  <■ ' 

,  (W  MMfcoT  ite  ovN  Bin  K  docs  aol  oK^r  OMob  wiA  tlw 

tvitcin  tlw  cycfneQe  s.  dK  niowMacr  aoo  a  nsaii,  ^  ttat  Ac 
■  — wd  Mawhohmffldit  wiiiriii«moamfci».  IVpoaiUBB 
of  dw  ■inmniur  tcmr  it  thca  md  by  Maas  of  «  soJe  giirmK  ibe 
a  dnrided  htad  bjr  vrfiicfc  tlv  tadnxM  of  a  btrn  an 
The  nuuUM-ier  »ci«w  b  now  Rmed,  so  tlai  ibe  bu  it 
frna  C  lO0at6t  D,vQ  the  craas  wins  em  B  cninodg  nh  ibe 
oBw  WW  in  th«  uytfiiax  o,  w>d  ia  potitioa  b  again  wd.  Tba  Alfer- 
OKC  in  dM  ntcreneur  radbga  gtf  tbn  imiinai  bf  whidi  dke  bar  bas 
ggfaafal,  aad  bencc  bjr  mmaring  tlw  ditOmca  bctwvca  tbe  OfKigbls, 
/^.  the  fengib  oT  (be  pan  of  the  bar  vboK  c^aonoa  baa  been  raeuurvd, 
and  Imowing  tbc  iatcrval  of  tenqietaliire  Umiagli  «lncb  ibe  hat  bat  been 
htmtA,  ibc  codfiocni  ofexpannoD  out  be  caknlatcd. 

Mora  recent  mcasmmcius  of  the  ooefficieni  of  finear  expansioo 
tun  baan  taade  wnh  the  comparaior  <lcscrihed  cm  p.  19 ;  ihc  ilistance 
bem^BWt  two  Sue  mariu  on  a  bar  of  the  nwtat,  abnoU  eacily  one  meire 
apart,  ticinK  meuurcd  at  two  known  mnpcntures. 

The  ctirllicieiii  of  npanxion  of  mmi  txxlid  is  nm  liic  nine  at  M  icmper- 

atarea.    Tbut  In  the  cate  of  pUiinum  the  CDcflicicnt  at  a  ictnpctaiiirc  /  is 

gWen   by  f8Z68/-i- 1.334/^  10  '  for  loupciaiurcs  bct«'ccn  o*  and  looa*  C 

Tlic  fdllnwinK  ubl«  gires  tti«  coclficiciit  of  linear  expansion  of  some 

malarial*  jwr  degree  Cenligiade  s — 

CoEpriciENTS  or  Linear  Expansiox. 

Praliiwim o6wxiof-* 

Copper i678xior« 

Sled  (annealed) io^$i<t<r* 

Zinc         .        .        .        ...        .        .      .3918'*  10^ 

nrat* 187   Xtar* 

Gb» .083   x'o^* 
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186.  The  Compensation  or  Tlm«ke«per8  for  Variation  In 
Temperature.— A  probkm  of  consirii-rahlp  practknl  irapon.ai»«  is  to 
(tcsign  u  pendulum  the  Icnglb  of  which  tliall  be  the  «»mc  »t  all  tcmpcni- 
tuf«,  for,  M  wreharcKcn  m  §  1 1 3,  the  time  of  vibrjutoti  of  a  pcnciuliim 
dcpcDclt  on  its  l«i£ih.  Thi-  mult  u  thai  in  nil  oidiiury  pcnctLiKini  the 
length  mcreaMK  wiih  increanlng  innpciattirc,  thut  the  clock  'gOKi  slower. 
The  problem  to  be  solved  n  in  dc^iso  »  pcnduhim-rod  in  sudi  a  way  thni 
the  distance  between  the  point  of  xtipport  nnd  the  centre  of  oidll.ition 
(practically  the  centre  of  the  bob)  sh.ill  be  the  same  ai  nil  ieiTipcr:itiin». 
One  >o)iiiion  of  this  problem  is  to  employ  a  rod  compo^nl  of  iwn  mcuili ' 
haring  differtnt  coelRdenti  of  expansion.  Lei  the  coeflicient  of  linear 
ripaniion  of  arte  of  the  mci.itfi,  ^,be  n,  acd  that  of  the  <ither  metal,  /f,  lie 
J3L  Stippooc  u-e  bavr  throe  rnds  of  t!ic  metal  A  and  iwn  of  the  mrial  A, 
and  that  thcr  are<x>iinc<tr.d  together  n.i  shnwn  in  Pi);.  148,  where  ihcduik 
hnea  au,  Cii,  and  *.<f  icprevnl  the  mrtnl  A,  and  the  IJ^i 
liaes  BC,  de  represent  the  mci.il  B.  I-ct  the  loud  length  of 
the  rods  of  the  metal  A  be  L',  and  tliu  toul  lcD)^h  of  the 
rods  of  (he  melal  B  be  L",  both  at  a  leoipciiitute  of  o*.  If 
now  the  tmU  made  of  A  were  atimt  heated  to  a  Icmpetaiuiv 
t,  ibc  end  Y  woiikl  datrmi,  itippotttng  the  end  A  lixed,  thtouRh 
a  distance 

L'oi. 

If,  on  the  other  hand,  the  rods  made  of  H  had  been  alone 
heated  to  A  the  end  v  would  have  riifH  through  a  diuancc 

L"^.  Fie.  148L 

Tlie  condition  that  the  dnccnt  due  to  the  cxjiannon  of  one  set  of  rod* 
(hall  be  e(|Ual  in  the  mm;  due  to  the  cvp-inMon  of  the  other,  or  rhal  thg 
djmncc  bctuvcn  a  and  P  thall  be  the  »amc  at  ail  ienipetalurc»,  is 


Off 


Tlnis.  if  Ihc  tnial  len^iths  of  the  rods  of  the  two  mcials  are  to  onr  another 
iBversrly  as  llie  coertkiemsof  iinearexjaniionof  ihematcriaJs,  Uic  length 
of  the  arran^-einent  will  be  the  i.-iinc  .11  all  lemprraturrt.  If,  ibon.  tlie 
point  A  blhe  poiDluf  allaihtncnt  ofa  pendulum,  and  the  bob  i^  aliacbed 
lo  r.  this  nnaogement  will  ftwm  a  compcnsaied  pcndulani.  Since  tlie 
ooefficicul  of  linear  cxpanKion  of  brass  is  .187  y  lo**,  and  that  of  steel 
iiHJcr*,  we  hare— 

7^/  /r>i;:fA  ./  Sfft/  W&ft      .187 
y  MVl/  IfHglk  of  limit  AW)     .  1 1 
-1.7. 
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A  pcndiitiini  buili  up  in  tliis  way  i»  ihown  in  Fig.  149.  i»i"'  '>  <*ileJ  a 
(■riilirai)  |jeiiiiuluni.  The  ihadt'il  rotU  are 
!ileel  111  well  -At  the  spnnj;  ^  iind  tlie  nuddlv 
rod  I,  which  pa&id  freely  through  Itciles  in 
tlic  two  Inu'cr  emus- piece*. 

In   ihc  ciic  of  chronomcicr*,  ihc  dia- 
meter of  ilie  balance- wheel  inucAsc6  wiili 
rise  in  lempciuiuie,  mid  iu>  hi  inomcni  of 
inertia    increiue},  caUMii);   the    bulanci:  to 
o&cillate  more  sUnvly-      A  inuic  iitipoitani 
effect  ii,  liowevtr,  cniiiMfcJ  by  the  iiillueiite  o( 
icmpcraturc  <in  the  elasticiiy  of  the  hait- 
sprin^.     As  the  Krinpcrniiirc  riscK,  ihc  elav 
licity  of  the  hjit-»|>iin^'  dccreaftca,  and  *o 
the  ptriuil  at  tlie  balaace-whtM;!  decreases 
on  iliis  actouni  alio.     In  order  10  compen- 
sate fui  this  ihuRi^c  111  ilic  hair-aprin);.  the 
moment  of  inertia   of  tlii?    balance  -  wheel 
'  ciuii'hl   to  dfcrfiue  as  the  icmpcrniurc  in- 
cn;a}c$.    Thlt  ii>  brought  about  by  making 
tlic  lim  of  the  b^ilaitce-w'hcct  of  tuo  Miips 
of  metal   as  shown  in   \"i-g.    ijo,  the  outer 
strip   being    lompoaed   of  a   metal   with   a 
higher  L-iiefticicni   of  eipanijcin   than  thai 
compiising  the  inner  strip.    The  remit  is  that, 
when  [be  tcnipcraturc  rises,  the  outer  strip 
\  ••vp.indinK  more  than  the  inner,  rau*cs  the 
rtnicirdcs    \\\   and  Ci>  lo  become    more 
<  iirved.  su  that  the  ends  It  and  t>  bein^  fixed 
to  llic  spokes  of  the  wheel,  the  cnils  A  and  C 
mo\-c  in  lowatils  the  axis  K,  about  iliich  ihe 
wheel  oscillates.    In  this  way  the  moment  of  inertia  of  ihewhitclticcrcasei 
as  the  temperature  intrr.iips,  and,  by  suitably 
adjustinf;   the  dimensions  of  the  wheel,  the 
shortening  of  Ilic  peiiod  on  this  account  can 
l»    made    exactly    to    compensate    for   (he 
lenijlhening  on  account  of  the  weakening  of 
the  hat f.  spring. 

187.  Cubleal  Expansion  of  Solids.  —  If 

we   had    a   tube    of   a    a'>lid,  '"■f   wlili:h   the 

-^^^^m^l^/y.  cocfRcicnt   of  line.ir  e3p;insion   was   -i.   cnch 

J      ](  edge    of    which     measured     one    cent  1  metre 

Fio.  15&  "'  '■''  *"  '''*'   "*  ^"i"'''^  'l'  ""*  tempera. 

tare  was  1   ex..  and  heated  il  to  t*,  it  «(iiild 

expand.    The  length  of  each  edge  would  become  ^■^^^,  and  heiite  the 
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valnme  would  become  (H-*)*  or  i+3rt+3i»*+i»'.  Now.  as  has  l>een 
pointcfl  mil,  ihcqmnlily  a  n  minll,  ui  that  i^and<i*an:s()  vcr>-ima!l  that 
we  Ruy,  withniu  innkini;  any  appreciable  error,  neglect  thcni,  and  rail 
ibc  volume  of  the  cube  ai  i'  I  +>i.  In  the  eiwe  of  lino,  of  which  the 
cncfficioii  oi  lincat  expaimoa  is  .(xxKnf(i,  the  value  of  >i'  \s  3.5 x  10  ''or 
(xooocxMoo^f,  while  the  value  of  <i^  ii  f.jx  io~".  Hence  the  voli)n>c  at  1' 
when  »¥  include  ihe  lemu  in  ^  aiwl  a',  ia  (.000087601$,  while  oiuitling 
tbe»e  lenni  ihe  vohin>e  U  1.0000S7& 

(rhe  incrcaM!  in  (be  ^HiiitBie  of  unit  volume  of  a  boiljr,  when  its  lemr 
penture  is  raised  1',  is  called  the  racfBcicni  of  culntul  enpaniton  of  ihc 
body,  \  Or,  in  oihc*  wordK,(^c  increase  in  volume  of  a  body,  when  its 
tempemture  is  raised  1',  divided  by  its  orieina!  volume,  is  r-illed  iho^ 
COtBteknl  of  cubicjl  y);[H>nsion  pf  ihe  body.  T  Hence  u-c  i^e  thai  if  ii  is 
ibe  coefficient  of  linear  cxpanMoii  of  a  liod^',  the  coctlicieiii  of  c«bic.il 
npansion  will  l>e  yt. 

188.  Expansion  of  Non-Isotroplc  Bodie8.^1n  the  preceding  sec- 
tions we  hav«  ileiilt  with  the  expansion  of  isotropic  bodies,  in  which  the 
ooefiicient  ol  linear  cipan&ion  \-i  lite  same  in  every  dirertion.  In  ihe 
ax  ol  nnn-bujtrapic  bodies,  such  as  cr)-stals,  the  cocfhcicnl  of  linear 
expansion  is  dii&rcni  in  diffcrcni  ditcctiont.  Thiu,  in  the  rase  of  kcl.ind 
spar,  the  ro«Ricien(  of  linear  expansion  parallel  to  the  aus  (%  401)  is 

31  X  lor*,  while  that  perpendicular  to  the  axis  ii  0.0544x10"*.     In 
case  of  <ii»nx,  the  coefficient  of  cxpansiiun  parallel  to  the  a\is  is 

,'77  X  lo"",  and  that  peipentlicular  10  the  axis  is  011337  »  10"'. 

189l  CoelDoleot  of  Expansion  of  Fluids -^In  the  case  of  fluids,  u« 
lave  only  to  deal  with  the  coeflicient  of  cubical  expansion.  I  Fluids  par- 

ilarly  K>ses,  ate  »n  mticb  more  expansible  than  (olids,  that,  as  Im« 
brco  mentioned  in  |i  184,  we  have,  in  their  ca-ic,  10  make  an  addition  to 
■be  definition  of  the  roeflkicnl  of  cubirjl  expansion  ^r\eii  fur  lulutt,  and 
ny  that  ttie  coefficient  of  cubical  expansion  is  thu  incirase  in  vulunx:  of 
a  gnen  mass  of  the  Avid  when  its  icmperutuic  is  raised  uoc  dei;iT«, 
tTirided  by  the  volume  of  the  same  in»«s  ut  o'  C.  in  cal- 
cnlaiiag  the  increase  in  volume  oC  say,  a  volume  I't,  of  a  fluid 
at  a  irmpeniiuTc  /^  when  heated  to  /„  we  must  include  the 
in  ins  in  ii'  and  •r'  (J  i&fV 

190.  Expaaaion  of  Uqulils— Apparent  Expanslon.- 
5vp{MMe  thai  ■  gbss  vcsmI  a  (tig.  151,  is  litkd  wiih  a  litjuid, 
uy  water,  and  that,  when  the  wltote  is  at  a  temperature  of  0°, 
thertdmne  nltbewaieT,f.rof  the  glass  vessel,  is  t\;  the  surface 
of  the  water  being  at  B.  Suppose,  now,  it  were  possible  10  raise 
the  lempcialure  of  (he  k'^ss  vessel  to  l',  keeping  the  Icmpcra 
twof  tbe  contained  water  still  Ri  A*.  The  vessel  would  exp.^nd, 
snd  iuvofumcap  lotltc  nuric  BwouM  become  i',U-t-a)yhiiTii  f,^  ,j, 
S  is  ihB  coeflkient  of  luHt^  cxpanuon  of  the  glass.  Hence 
tlw  water  sutlace  woold  full  to  C  the  vokiroe  of  tli«  boni  between  B  and 
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C  being  V^&.  If,  now,  the  water  was  also  heated  lo  1°  it  would  expand, 
and  its  volume  would  become  V^  (1+0),  where  a  is  the  coefficient  of 
expansion  (cubical)  of  the  water.  Hence  if  the  surface  of  the  water  now 
stood  at  D,  the  volume  of  ihc  bore  between  c  and  u  would  be  I  ',0. 
Therefore  the  volume  of  the  bore  between  B  and  D  is  F,{a-3).  If  we  ■ 
had  not  allowed  for  the  expansion  of  the  envelope,  we  should  have  taken 
the  volume  K,(a-(9),  *■(■  the  volume  of  the  bore  between  the  first  and  last 
positions  of  the  surface  of  the  water,  as  ihe  expansion,  and  this  volume 
divided  by  the  volume  at  0°,  i.e.  F,(a  — |9)-r  Vy,  or  a --^,  as  Ihe  coefficienl 
of  expansion  of  the  liquid.  The  coefiicienC  of  expansion  of  a  liquid 
obtained  without  considering  the  expansion  of  the  containing  vessel  is 
called  the  apparent  coefficient  of  expansion  or  dilatation,  and  it  is  equal 
to  the  diiference  between  the  true  or  real  coefficient  of  expansion  (a)  of 
the  liquid  and  the  coefficient  of  cubical  expansion  ifi)  of'ilie'soIiJ 
envelope. 

The  bulb  shown  in  Fig.  151  is  called  a  volume  dilatometer,  and  is 
employed  for  determining  the  apparent  expansion  of  liquids.  The  cubical 
expansion  of  the  glass  is  obtained  either  by  filling  the  bulb  with  a  liquid 
of  known  absolute  expansion,  and  making  a  series  of  measures,  or  by 
experiments  on  the  linear  expansion  of  a  rod  of  the  same  glass.  This 
known,  the  absolute  expansion  of  the  liquids  can  be  calculated  from  the 
apparent  expansion.  The  stem  of  the  dilatometer  is  graduated,  and  the 
volume,  up  lo  (he  zero  graduation,  is  determined  by  first  weighing  Ihe 
dilatometer  empty,  and  then  when  filled  to  the  zero  mark  at  o"  with  mer- 
cury or  water,  and  from  the  weight  of  mercury  or  water  calculating  the 
volume,  using  the  known  density  of  these  liquids  at  o*.  The  volume  of 
the  bore  between  two  divisions  is  obtained  in  the  same  way  by  weighing 
a  thread  of  mercury  which,  when  in  the  stem,  occupied  a  known  number 
of  divisions.  The  dilatometer  is  filled  with  the  liquid,  the  expansion  of 
whith  has  to  be  measured,  and  the  position  of  the  surface  in  the  stem 
noted  when  the  dilatometer  is  placed  in  melting  ice.  The  whole  is  then 
heated  to  a  temperature  /'  in  a  water  bath,  the  temperature  being 
measured  by  a  thermometer  placed  in  the  water,  and  the  position  of  the 
liquid  surface  a),'ain  noted.  The  difference  between  the  readings  gives 
the  expansion,  and  this  quantity  divided  by  the  volume  at  0°  and  by  ' 
gives  the  coefficient  of  apparent  expansion. 

Another  form  of  dilatometer  is  the  weight  dilatometer.  This  re- 
sembles the  volume  dilatometer,  except  that  there  is  only  a  single 
graduation  on  the  stem,  so  that  it  resembles  a  specific- gravity  bottle. 
The  dilaiomeicr  is  Heijjheil  empty  ;  suppose  its  Hci{;ht  be  -aif  It  is  then 
filled  with  the  liquid  ami  placed  in  melting  iie.  When  the  contents  have 
reached  a  temperature  of  o',  the  quantity  cif  liquid  is  adjusted  by  means 
of  a  capillary  tul>c  till  the  surface  coincides  uiili  the  mark  on  the  stem. 
The  dilaionieier,  full  to  the  inaik  at  o',  i;  again  weighed  ;  let  its  weight 
be  W).     The  dilatometer  is  now  heated  to  a  temperature  of  I',  and  some 
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of  the  liquid  withdrawn  till  the  surface  coincides  with  the  mark,  and  the 
dilatometer  weighed  ;  lei  its  weight  be  ic^  Now,  neglecting  for  the 
present  ihe  expansion  of  the  glass,  a  weight  k',  — icj  of  liquid  at  /* 
occupies  the  same  volume  as  a  weight  lu^-w^  at  o'.     Hence,  if  V'xs,  ihe 

volume  of  the  dilatometer,  the  density  of  the  liquid  at  o°  is  "''  ~  ^°,  and 

ihe  density  at  /°  is  -~^y~°-  Now,  the  volume  of  a  given  mass  is  in- 
versely proportional  to  the  density.     Hence  the  volume  of  a  gram  of  the 

y 
liquid  at  o  will  be  — — ■ — ,  and  the  volume  of  the  same  mass  at  /"  will 

W,  —  via 
V 

be  -  Hence  the  increase  in  volume  will  be 

_  y_   _     v__        F(w,-tt.,} 

and  the  coefficient  of  apparent  expansion,  which  is  the  increase  in  volume 
for  t°  divided  by  the  volume  of  the  same  mass  (a  gram)  at  o°,  i.e.  by 
V 

—  ,  IS 

l^  _  w,— «^ 

Then,  adding  the  coefhcient  of  cubical  expansion  of  the  glass  to  the 
apparent  expansion,  the  coefficient  of  cubical  expansion  of  the  liquid  is 
obtained. 

l'rol)abIy  the  most  accurate  method  of  determining  the  coefficient  of 
expansion  of  a  liquid  is  that  which  has  been  described  in  §  146,  and  has 
been  employed  hy  llcnoist,  Bydetertnining  the  loss  of  weight  of  the  quarts 
cube  in  the  liquid  at  different  temperatures,  the  mass  of  a  known  volume 
of  this  liquid,  the  volume  of  the  cube  being  known  at  these  temperatures, 
is  obtained.  Hence  the  density  at  the  different  temperatures,  and  there- 
fore, by  a  calculation  similar  to  that  given  above,  the  coefficient  of  absolute 
expansion  of  the  liquid  can  be  calculated. 

tBl.  Direct  Detflrml nation  of  the  Absolute  Expansion  of 
Liquids.— A  direct  method  of  determining  the  absolute  coefficient  of 
expansion  of  mercury  was  devised  by  Dulong  and  Pelil.  The  principle 
of  this  mclhod  is  to  use  a  U-tube  filled  with  mercury,  one  limb  being 
kept  at  0°,  and  the  other  at  100°.  If  \  is  the  density  of  mercury  at  o", 
and  A„„  that  at  100°,  then  if  ^o  a""!  *ioo  ^™  'l*^  heights  of  the  mercury  in 
(he  two  limbs  above  the  horizontal  part  of  the  Ui  we  get,  by  the  principle 
of  balancing  columns  (g  I45)>  ^iA>" ^laAiar 

Now  Ihe  volume  of  unit  tnass  of  mercury  at  o'  is  1/^,^  and  at  100' 

is   l,'iu)u,  so   that   the   increase   in   volume   is  — -'*.      The   increase 
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divided  by  ili«  volome  at  o*  (i/^),  and  by  ll>«  temperature  rai)K«,  gives 
the  cocflicictit  of  cxpaniion  y.    Hcnte 
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The  form  nf  nppariius  ns  uscH  by  Dulnni;  anfl  Pciit  iva«  subject  to 
nnrnemiis  ermrs,  but  Rc^naiill  iniroducnd  luinie  modi  tirai inn «.  xo  that 
mast  of  t)iCM  were  avoided,  and  Ms  form  of  the  apparatus  only  will  be 
described 

Two  upright  iron  tulws  aa'.  V^  fKig.  15;).  are  connected  together 
near  tht  top  hy  u   horiionlal   lulic   c.     At  the   l>oHoni   two  liorizoiilal 

branches  a'd  and  bV  aic  ton- 
necicd  10  two  vertical  glaia 
tubes  III;  Hnd  FH,  these  tubes 
Ix-ing  joined  together  at  tbc 
lop  bya  T'piecc,  the  third  ami 
of  the  T  being  connected  to  a 
glass  globe  K  containing  com- 
pressed air.  The  tubet  aa' 
and  nil'  are  aurrntinded  by 
■  yliniirirnl  vc^cU,  uhirh  arc 
Idled  «'ith  water  or  ice.  The 
wuicr  in  these  cylinders  i» 
kept  well  stirred,  aud  the 
tcmpcmlure  in  the  one  which 
i^  heated  is  measured  by  an 
nir-ihcrmomeicr  (3  19*!)  1, 
and  that  of  the  other  by  a 
series  of  mercurial  thcmio- 
iiielets  /[,  t^  ly 

The  upper  horiiontal  tube 
AB  is  pierced  al  c  with  a  sniiiJi 
hole,  so  that  tile  upper  surfaces 
of  the  mcrcui-y  in  ibr  vertical 
liibeK  are  al  the  (nnic  level  as  C. 
The  prcisiircs  ai  a  and  B  bcinK  crjual.  and  those  at  1.1  and  It  also 
equal,  it  follows  thai  a  coliirnti  of  inerrury  equal  in  height  to  the  vertical 
disUince  (.)  beiwren  H  and  <■  represents  the  difference  in  the  prc«ure* 
diie  to  two  columns  of  nieiturj-.eath  of  height  a  A'  or  1111",  one  hoi  and  the 
other  cold.  Hent-e,  if  the  temprrature*  of  ilie  rold  column  and  of  the 
columns  DC.  and  FH  are  the  *amr,  the  cffcrli\-e  height  of  the  cold 
column  i*  BB*  Ie«»  the  hciuhi  r.»,  while  the  height  of  the  hot  column 
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VkKtCoT  H.  SulMliliKinK  itic«c  values  in  ihc  cxpicssion  for  y  obtained 
«b»vc«Kei  ^ 

Where  /  i*  the  lempcniiuic  of  ihe  hot  column,  and  tlic  irmprraiurc  of 
the  ccAA  coJunin  is  taken  lo  l>c  icra.  Tli«  mean  value  ob(ainr<l  Tor  Ih« 
xncjBcktit  of  cubical  expansion  at  ittftrmry  between  o'  and    loo'  is 

tSlQ. 

192.  Density  of  WaUr  at  difTerttnt  Teinp«ratures— Point  of 
Haxlmutn  Denslty.^Thc  rxjtanxion  of  water  vrilb  rise  of  Icmpcntlurc 
ii  iinnmnlouK,  sinte  ihis  KiilwUnKC  liaji  n  mnxlmum  density  at  a  tefli|>cra- 
ture  (rf  4'  C,  U  water  is  cool«l  below  4*  ii  rxpandf,  and  it*  density 
dccmtrs,  as  &lM>wti  in  the  table  on  p.  17;. 

ThU  i>ropert)r  pmscH«d  by  water  lias  aii  importaDt  bearing  in  nature, 
for  othMwHse  all  de*p  lakes  in  lempctale  lones  would  become  froien  inlo 
3  wilid  block  of  ke,  and  only  the  upper  wirfacc  would  thaw  in  the  »iinimcr. 
Ax  it  I»,  in  winter  ihcsurfnre  water  becomes  cooled  by  radiation,  &c.,«nd 
RB  it  cooU,  and  il^  temprraiurc  falls  U  lieconics  d<;n*rr  and  wnks.  con- 
vection oirrentsltcingSM  up.  Thi*  ronveriion  goes  on  till  the  tempera - 
tm  of  Ihe  whi^e  mass  of  water  ha«  fallen  to  4'  C      On  the  surface 

:«r  Itccocning  farther  cooled  it  e.xpanili.  and  its  density  bccnmcs  leu 
'ihan  that  of  the  water  beneath,  tlcnce  the  colder  uaicr  n:tnains  00 
the  toi\  and  coriTection  cuirf  nis  arc  iiM  ict  up.  Water  being  a  vet^-  haA 
conductor  tA  fieat  (%  340),  it  iake«  n  long  lime  for  the  deeper  layers 
of  water  to  pan  with  tlicir  heat,  aivd  to,  even  in  the  hardest  timers,  the 
i'e  In  tciBperate  lonet  is  seldom  toy  thick,  and  the  water  at  the 
btittam  of  drcn  Ukev  is  never  coWer  than  4'. 

Thcesperimenii  m.ideby  Despreii  in  onler  to  determine  the  tempera ■ 
late  of  in.ixiinum  density  illastratci'ery  clearly  the  ch.-ingrs  in  trtiipcrattite 
which  take  place  in  a  mats  of  natcr,  tuch  as  n  lake. 
Tlw  Kpparaiuh.  which  is  a  modificAiion  of  oi>c  detisnl 
by  llupr.  confisis  of  a  tall  metat  cylinder  fitlrd  with 
a  lid,  Ihrrxigli  the  side  of  which  are  inserted  (our 
tliermuineters  ( V'jg.  1 53),  The  cylinder  was  filled  with 
«iUer  at  a  tctnperatitte  of  nbniii  to*  C..  »rtA  wa>  ihcn 

icbI  in  a  cold  nvim,  of  whkh  the  trinpetaime  was 
n'.     The  tcm|icr.itiiTes  of  the  w.itei  at  dilTcreiii 
lis,  as  tnflicatcd  by  the  theimometcrs,  were  noted 
,uenl  internals,  and  the  icsulls  plotted  on  cunv 
the  ardinales  ^hig  the  teinperaiurc,  and  the 
the  tiinev     In  this  way  the  cuhts  thnwn  in  Kig.  IJ4  wmr 
inrd.     A*  the  watei  near  the  sidn  lust  its  Itcai  by  radiation  it 
"'    t  ami  sank.     Tims  thermomrlcf  a  sank  the  most  tnptdly, 
I  'la  tempcituurr  ni  4'.     Next   thennoroctets  h,  r,    niul  rf 

aiii>*c  al  the  lamc  tempcraiure  in  succetsion.     The  whole  mau  being  at 
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tho  point  or  maximnm  deniiity,  when  the  lempcnttiire  felt  any  more,  the 
coldicr  water  wiui  lighter,  nnd  hcnirc  ihc  upper  ibmnomelcr  (■/)  bctjan  to 
fall  first,  the  olben  folluumg  in  the  onlcT  c,  ',  <*>    These  ch.ingcs  are 


well  indicated  by  ihecurvei.  The  rcA^on  that  the  horiioninl  paii^  of  .ill 
the  curvn  are  not  coincident,  is  that  disturbing  iturrcnts  arc  pioduii-d 
by  the  manner  in  which  ilie  w&ter  ia  cooled,  nanielyi  from  ibe  sides  of 
1I1C  vessel. 

193.  Expansion  of  OasflS.— In  the  cate  of  gases,  owing  to  tlieir 
CompteisilHlity,  we  hsve  to  lake  account  of  the  prcssuic  ID  whith  llie 
gas  is  subject  when  it»  tcinperaiuie  is  raised  in  otdci  to  ^ct  its  ihcnna! 
expansion.  In  dctctTninin);  ibe  cocllicient  of  expansion,  we  ni.iy 
either  keep  the  pressure  constant  and  measure  the  increase  in  volume 
when  the  icniperaiiire  is  raised,  and  thus  obtain  the  coeflicicnt  of  ex- 
paiiiiun  at  constant  pressure,  or  we  aiay  vaiy  ihc  pressure  so  a*  10 
l<eep  the  volume  constant,  and  ftoiii  tlie  amount  by  which  the  picisure 
hat  to  be  changed  calculate  Ihc  coefficient  of  increase  of  pressure  at 
consUint  voluitfe.  In  either  case,  since  the  expansion  of  ^ascs  with 
teinpersture  x*  ci)n»idcmblc,  we  must  refer  ihc  increase  ii:  volume 
or  pressure,  as  the  esse  may  be,  to  the  volume  or  pressure  at  o* 

(S  '84). 

104,  Expansion  of  a  Gas  at  Constant  Pressure.— The  first  e\peri- 

incntson  the  tjip-iiision  of  a  gas  al  c(in5iiint  pvcmirc,  having  any  preten- 
sions whaiei-cr  to  accuracy,  were  made  by  Gay-Lussae,  who  measured 
the  expansion  of  the  gas  coniained  in  a  glass  bulb  by  ihc  inolion  of  a 
Sin.ttl  mercury  index.  OwtiiB,  however,  lo  the  gaics  not  being  quiic  free 
frwm  moisture,  and  10  the  fact  llul  a  mercury  index  docs  not  omiplclety 
enclose  the  gas,  a  fihn  of  gas  cxisiinc  between  the  mercury  and  the  wbU« 
of  the  mbe,  the  results  obtained  were  not  very  accurate. 

Rcpnaull,  having  taken  tip  the  question,  dcvivd  the  form  of  appuralus 
shown  in  Y\^'   ijS-     The  gas  is  conuincd  in  a  glass  bulb  A,  "hith  is 
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conoecied  by  mcntu  of  a  verj'  fiftt-borc  tube  with  the  graduainl  lube  11. 
The  liwci  end  i>f  lliis  tube  »  eonncct<sl  wMh  sn  upii^ht  tube  c,  whicli  is 
open  al  ihc  loji.  A  ta|>  l>  scrrei  lo  dr.iw 
iiflf  the  mcwniiy  fiom  th«  mlie  when  le- 
quiici].  The  air  is  cj^hau-iEcd  IVucn  the 
globf  through  a  ihrcc-i«3iy  cock  c,  the 
((labc  btiii^  heated  lo  a  irmpciaiurc  nf 
at  It-'usi  iix>'.  Air  or  other  k'^  i^  'hen 
admitted  after  lUiuiit;  throogb  a  scries 
of  dt>-iQg  tub«.  The  {iioims  of  ex- 
,Juu«tion  ami  filling  «iih  dry  |^  \\ 
aied  s  number  of  times  in  order  to 
'  If  mof-e  from  the  inxide  of  the  i^fAtt  ilie 
layvr  of  moinitre  which  it  always  cod- 
iknKcl  on  *  f  bMs  turfeoc 

Tlie  globe  having  finall}-  been  Rtled 
with  dry  gaa,  the  TOeraiiy  is  adjiwcd  »o 
that  tlie  Kirface  is  near  the  top  ol  the 
L|T:tduatiaiu  in   B.      The  Iiip  Y.  is  llt«B 
llnnicd  in  ardH  to  cut  off  the  CMinc^ion 
lltetween  ibe  ji! lobe  and  ihe  dryina-ltibe*, 
fihe  bulb  is  surrouixled  by  tnelttnii  ice 
or  water  i\  a  known  temiK-rniurc,  and 
ihe  positHins  of  tlie  merrurj'  Hirfnccs  in  i>  and  C  noted.    The  pressure  to 
Khich  the  gai  is  aubjectcd  is  equal  to  the  baioiimric  beiglit  plus  or 
Mffjuu  the  diflerence  in  1«vet  of  the  nwrcurr  in  the  tubes  B  and  c. 

The  j^abe  is  then  healed  lu  a  known  temperalute,  say  loo*,  and  the 
mercury  run  out  of  the  tap  D  till  tlie  ddfeience  in  level  of  the  mercurj'  in 
the  two  tubes,  Jtnd  bcnce  the  pressure  aclinjt  on  the  gas  is  the  same  us 
before.  The  t«1uji>c  of  i)ie  tube  11  bciwoeii  the  various  j^raduaiions  hating 
been  put  Piously  obtnined.  tlie  amount  of  the  increase  in  volunie  of  the  gas 
LWi  he  caknLatcd.  The  vater  bath  surroundiiit:  it  and  C  >erTes  to  keep 
ihr  mercury  and  ilic  k'u  in  B  at  a  eunsiani  teoipeniture.  which  ii  read 
off  on  the  tlicimomelct  T. 

I&fi.  Measurement  of  tba  Increase  of  Pressure  of  a  Gas  at 

at  Volume.— A«  in  ll>c  C'isc  «f  the  coeilkient  of  ex|Miision  at 

DStani  pressure,  the  first  really  accurate  mcaiuremcnis  of  ilie  cu- 

of  ini'rMM  of  pretsuie  of  gasc*  at  consiaiit  toliime  ircre  made 

'  Rtymult.    One  of  ihc  f  >Tms  o4  apparanis  which  he  einph>yed  fkw 

I  purpose  )>  showit  in  Fix-  ■  56. 

The  gas  iv  contained  in  a  glass  or  porcelain  (Hobe  A,  which  it  con- 
nected by  a  line  lulte  oith  an  tipri).'hi  lube  11.  Astdetubeaiulailuce-iray 
tip  r  allow  of  the  globe  l>eing  filled  with  dry  gas,  as  in  the  connanl  pres 
•un  apfNuaiui.  Ai  the  upper  pun  of  tlte  lube  B  an  index  R  (ihowu  on  a 
larger  kbIb  at  o),  consisting  of  a  curved  piece  of  Mack  glass,  i« 
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to  (be  incide,  aoi)  the  niercuty  ia  ftlways  brouglil  so  thai  llie  surface  ju«t 

louchn  the  point  of  this  p««  of  glass ;  the  prewure  being  adjuUed 

by  pouring  mcroiiy  into  the  open 
tube  c,  or  icDioring  mercufy  through 
ihe  jlop'cotk  D.  The  diffiBrence  in 
level,  which  is  measured  hy  a 
catheiomcier,  bciwccn  the  tur&cc 
of  (be  mercutjr  in  n  and  c,  added 
lo  (be  hammetric  hrighi,  git-cs  lh« 
picsi!UTc  v\  which  ibc  gnt  is  aub- 
jectcd. 

If  (heglobrilidnoi  citpanil  wlien 
heated,  the  volume  of  the  gas  uiiuld 
be  the  same  al  each  temperature  j 
owing,  liowci-cr,  to  the  expansion  of 
the  iilobe  n  concction  hu  lo  be 
applied,  which,  on  account  of  the 
sm.ill  cncffictcnt  nf  expansion  of 
glass  or  porcelain  compared  with 
that  of  a  gas,  is  not  considerable. 

196.  EfTect  Of  ChUlffO  Of 
Presstire  on  Uie  Coefllclems 
of  Expansion  of  Oases. —  Keg- 
naull  madf  .t  scries  of  f  xpcriiiicnts 
on  the  Kocfficlcni  of  ^'xpansion  at 

diffcreni  pressures  of  iiir  and  some  other  gases,  and  the  folluwiiig  table 

gives  WMne  of  his  results  : — 


Cotrnciit.VT  or  Expahsios 

or  Casks. 

Ou. 

CooiUM  Prsssurt. 

Cooalanl  Voliinin 

PrcBure 
•t  tf*  in  cm. 
ofMemary. 

76  on. 

Ccnffident  of 

C<ieaictem  of 

Evpsmion. 

ftl  0'  in  (in< 
of  JlcKury. 

l^ipamloa. 

Air 

.003671 

1 1  em. 

.003648 

11   ...     . 

357 

.00369; 

76 

.ooy>'i5 

!•■■■- 

... 

... 

loo 

.003690 

nitngen.    . 

... 

... 

looq 

.003887 

.,. 

... 

76 

003668 

Hydrogen    . 

76 

.0036613 
.0036616 

?6 

x)03669 

•*          - 

35-i 

-., 

... 

Cart»D  dioxide 

76 

.003710 

76 

-003686 

»»            ».          ■ 

aS' 

.00384s 

300 

^37S» 

n                 H                ' 

... 

... 

Soo 

.004352 

i 
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An  examinaiion  of  the  aImvc  table  will  show  (hat  in  the  caw  of  air  and 
(arbnn  dmxide  the  cocfficiiMiC  of  exfKiDsion  increases  as  ihn  pressure  lo 
which  ihe  }[at  i*  niUjeclcd  incrcasc-jL  This  incrwtse  of  the  cocflicicnt  of 
VKpaimon  bctng  miirh  more  nntircftblc  in  th«  case  of  carbon  dioxide,  a 
lias  which  dc^i«trs  considcnbly  Iroin  Uoylc's  law  (§  1 30X  ilun  in  the  c4Se 
of  air  1  hydroffen,  D^aia,  being  an  exception,  in  that  the  coefficient  of 
etpaniKM]  is  constant,  at  any  rate  up  lo  a  preuute  of  254  an.  of  mercury. 
In  muti  case*  the  coefficient  of  eipnnnon  at  conslant  prcKuire  is  greater 
than  ihnt  at  conitant  i-(dume.  The  mo«t  important  charactcriMic,  h<)w> 
ever,  «  that  the  coefBricnl*  of  thermal  etiuniion  for  ttie  different  ^ses 
arc  almost  rvnclly  ibe  same,  the  dilTerencc«  between  diflerent  ^aset  bcitiK 
less,  the  lower  tbc  pressure  to  nltich  the  gases  are  siibjccied.  We  are 
therefore  Jed  lo  tlie  conduMon  that  in  the  ease  of  perfect  gases  {i^.  ones 
which  obey  Boyle*  law  exactly)  the  coefficients  of  tliettnil  espanwon 
wimlil  be  constant,  and  h^vp  a  \»\\ie  about  0.00366. 

197.  Charles's  Law— Absolute  Zero.--T]ie  law  that  all  g»»eiihave 
(he  same  coefficient  of  tbcrmal  expannon  wai  fini  cnuiM-i.-iied  hy  Ch.ir!c<^ 
It  is,  however,  tomeiimeii  known  a»  Cay-I.UMac's  law,  since  he  was  the 
(ita  (o  make  experiments  to  icsi  the  accuracy  of  the  law.  Troin  what  has 
beenuWl  in  the  previous  scctron,  it  will  be  seen  thai  gases  obey  Charles's 
taw  with  about  the  same  accuracy  with  which  they  obey  Boyle's  law. 

If  u-e  conu<lef  a  mass  of  a  perfect  gas  of  which  the  volume  it  «'«  and 
the  pressure  fi^  at  a  Icmpcraiure  of  e'C,  and  imagine  the  volume  kept 
conmuit  while  iu  temperature  i«  k>wcred  to  -/',  tbc  pressure  /  will, 
bf  Cluuki^a  law,  be  given  by 

where  n  b  the  coefficient  of  expansion.  If  the  cooling  is  continued  to  a 
temperature  of  (  -  i  V,  then 

Ce.  at  this  temperature  the  gas  would  exefi  no  ptessure  on  (he  walls  of 
the  rnniAininff  vesseL  Acconling  to  the  kinetic  tbCot)'  of  gases,  this  can 
only  occur  when  ibe  veloeiiy  of  iranslatioo  of  the  molecules  b  lero.  t(, 
as  Hems  pmboble,  the  mntioo  of  the  atoms  in  the  molecules,  or  pefhapt 
it  if  belter  in  tay  the  vibratory  tnotion  of  the  molecnics,  increase*  and 
rtfrrrairi  fttn  /itint  with  the  motion  of  translation,  it  follaws  that  at  s 

iKnperauire  of  -  (  -  I*  C.  tho  molcralcs  will  have  coraphiely  km  all  ibcJr 

n>p6an.  Heat  consisting,  as  we  shall  sec  later,  of  tlie  motion  of  the 
moieriiles,  wlivn  no  Midi  nioiion  exists  the  body  must  be  dcvoiil  of  heal. 
Siwe  il  n  impossible  to  imagine  a  body  colttcr  than  one  wliicti  is  dcvoNl 

of  aBtiVat.^'.  one  at  a  temperature  of  -f-rC,  this  temperature  iscalled 
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Taking  o  as  x»3663>  (ihe  mean  value  for  brtlrogcn  b«wcen  o'  ^ind 


100°),  the  nluolute  xen  will  be  - 


- ,  or  -  S73*.o  C.    Ahhoiish  it  m 


.00366 1  j' 

impossible  actually  10  cool  a  body  down  to  the  al«oliuc  icio,  it  \s  mlcrMt- 
inj;  to  note  ih/it  t<-inpcraturp'i  ns  low  as  -  150'  C.  have  been  obtained  by 
allowing'  liquid  hydiojjen  to  boil  at  reduced  pressure.  The  iruc  value  of 
such  low  teiiipemlures  is,  however,  diflicult  to  estiuuilc,  since  il  is  biinlly 
safe  to  say  ihat  any  propenyof  itiattct  wliicb  wcmay  use  to  measure  tem- 
peniiurr  will,  at  such  low  lenipeiaiutc^,  change  with  leitiperature  acoordinjf 
to  ibc  same  law  ac  in  found  to  bold  at  icmpcraium  near  o'  and  100'  C 

In  order  toeonven  temperature*  referred  lo  o"  tr.  toihecorrcspondinjr 
temperatures  referred  to  the  Absolute  wto,  we  have  to  add  173.  Thii">  if 
7*  and  /  represciii  the  icnipemtiirc  reckoned  from  the  absolute  icro  and 
the  temperature  of  inuliin);  i^.t  respectively, 

Accordinir  to  Chatic*  »  law, 

and  t'=i'„(i+oO. 

Hence,  substituting  for  •  its  value  I,'l73,  and  reckoning  the  loaperature 
from  the  absolute  lera,  tbe  above  equalinno  become 

uiid  T'=i'„rj7J. 

At  any  other  tempcraiui%  7*,  if  the  pressure  when  tbe  volume  is  con- 
Stunt  i^  /'  snd  the  volume  when  the  pressure  is  constant  is  :',  we  have 

^,=^and-^=j^ 

orfilie  pressure  of  a  gas  at  eonsiani  volume  varies  directly  as  the  absolute 
tcmperature^^d  the  volume,  at  constant  prcssuti:,  also  varies  directly  as 
the  absolute  leinperaturcA 

Suppose  that  the  condltiuns  of  a  certain  mass  of  ^as,  as  far  as  pres- 
sure, voUmit,  and  itmpf  i;iui(u  arc  concerned,  are  imlicated  by  the  symbols 
/,  V,  I  res  peel  ively,  while  when  the  icmpcralurc  of  ihe  same  mass  of  gas 
is  kept  constant,  the  pressure  being /„  let  the  volume  be  ;'.  Then  since 
the  lenipciaiurc  is  maintained  constant  we  have,  by  Boyle's  law, 

fi,'J=Pv. 

Now,  keeping  the  ptvssutc ;»«  consunt,  let  the  tenipcraiwre  of  the  gas 
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be  rcducKl  (o  o*,  and  l«t  f.  b«  the  irolumc  under  thoe  condiiionK.    By 
Cbartcii's  Uw  -m^  have  ,        ,    .    » 

where  a  n  ihc  coefiictent  nJ  exponiKni  of  (be  ({u^     Hence,  equaling'  Itie 
two  viilucs  oft-',  «« t(el 

/r-/i,t'B(i+(i/). 

Taltini;  ih«  value  of  a  as  .003663,  or  — -,  nnd  writing  7'  for  the  tenipcrii- 
turo  measured  frutn  ibe  alMoluic  wro,  iC*.  - 173*  C, »«  get 
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Tor  u  !;>>-cn  ma&i  of  gns  the  quaniity^.;'.  U  a  oonuant,  hence  we  ma)- 
wtitc  the  above  equation — 

where  ^  b  a  coDstani,  dqwnding  only  od  ih«  nature  and  t|uaniity  of 
the{[U. 

BBS.  The  Gas  TbermomeUr.— Since  the  ^tandaid  thcnnumetnc 
subuance  cmploynl  for  .lil  atturatc  meaiUtCToenii  iif  teniperjiuie  is 
either  hy<lrii(:cn  or  niim^cn,  the  prolilero  of  ootnparinK  the  teadinss  of 
the  onlinary  liquid ■iii-Kt-ia«  iHcrniotncien,  such  »  ate  ncm;]]!)-  lucd  to 
note  the  trmpcrjitun-,  with  the  k^s  ihcrmomcirr,  and  hence  deducing  the 
corrections  to  be  appli«si  in  the  rr-jdin^s  to  reiliKc  ihein  10  ihc  gB«  scale, 
is  of  very  conudcrabte  importance.    There  art  several  forms  of  «>-called 


air  ibprmonteterx,  whifh  are  all  more  or  leu  nu>dllkaiion!t  of  the  initru- 
niielit»  Wiicd  by  Re^tt^ini'-  •'»*'  *■*  *l'all  content  otirM-lvrs  with  dpM-ribioK  the 
fonneinpk^datiheUumu  International  dcs  Voids  el  Mctures  at  Paris. 

Tbe  hMTORient  coniiils  of  two  diitiiK't  part*,  the  bulb,  containing  ' 
the  ipu  0>yd'*>ir'^\  *nd  the  manororter,  used  to  measure  Ibe  pmsure  la 
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wluck  lbs  gu  i*  expoaed  ftt  the  difleient  tenipetaium.    A  tteciion  of  tli« 
amn^mcoi  vinpta)-iMi  foe  healing  (he  bulb  a  ii  ihowii  in  Fig.  157.    Tin 

bulb  .\,  nhicli  IS  in%(Ie  ul  platiiHim 
iridhun,  nnd  has  n  ckpmrity  of  nboul  a 
liirc^  is  connected  wiib  ihe  manometer 
i.tlmwn  in  Fig.  ijS)  by  n  5nc  mcial 
tuba  HiMboui  a  metre  long,  and  lu^^n}; 
B  bar*  of  0.07  cm.  Forthec«mpjinM<ns 
U  cwnpaniiivcly  luu-  i^mpcmiim  the 
botb  A  aud  Ihe  Ihcnnunictere  T,  whicb 
nre  la  be  contpared  vitb  the  gu  ther- 
momcicr,  are  placed  tide  by  side  in  a 
tang  w»ter-halh.  which  is  kept  t-efl 
nlnwL  For  th*  higher  tcmpciatures 
the  amacOMM  abowa  in  Fig.  157U 
eniplmt<d.  Smmb.  or  tbc  npow  «f 
Mine  Mher  bqiM^  uuen  the  apfatMns 
I  by  the  lube  E,  pKMes  up  alongude  tha 
balb  A  and  the  bulba  otf  the  therato- 
I  BtcKn  T,  vbA  then  at  Ihe  end  paatMs 
to  tht  <Mtu>to  of  tbc  Btcial  wmn  t4> 
ftxd  badt  dd(M(  ibe  whmK  MiHjr 
wnyim  br  iW  vab*  F.  'Dit  1 
MMMMMMUMttel  wcdfar* 
!■(  llha  ^pfcr  facd  pMM  ef  1 
■awwwal  OnwacwHWi  iaem  F«.  U4>. 
U  R<«wrii\  flKm  «<  the  I 
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ai  IThi I  11  —lai  th«  aiifiwwi 

jffd  tiMaBkrWr  «r»  \iMabMwt  ta  «  sa^te 
MMnaMOft,   M  ihtt  t(k»  ht^c  of  & 

b«  MMMW^Ml  tb«K  thw  K^in.-«>  <rf 
«aa««»«*jK«ik     Ite  Mhtt  a.  .^Htn^ 

V  k  .? HE-   i>S.  «bK4  W  ^'•iniwil 
•tfr-cqibt  tm  to*  omkI  vf  a  (•»«>.  tub* 
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toba  E.  These  two  fbu*  btbe  cocnnnnucuc  with  c«^h  mher  thnM||4)  a 
cbannd  in  the  Hcd  blod:,  ai  htI)  as  with  a  tap  aitd  dexiUc  nwl  nibe  K. 
Tlw  Uock  1)  is  atucl>ed  to  an  qprighi  mrtal  pillav  r,  which  ahi>  camn  a 
■Bonrablc  cndte  g,  the  potiiioa  of  whidi  can  bo  adjusted  bj-  the  Krew  s, 
Thecndk  q  carries  the  npper  end  of  a  harometcriube  hc.  the  lower  end 
of  which  dtpi  b  the  enerctuy  contained  in  the  tube  e.  The  lower  MiiAice 
of  the  tteel  plug  A  U  maile  pUin,  eicrpt  for  a  hat  mrtal  paint,  shown  on 
a  larger  scale  at  K,  which  icnn  at  a  lixcd  mark  to  shich  ibc  surface  of 
the  tnercnrr  in  ibc  lube  C  n  aU-ays  broutihi  back.  The  height  of  the 
rctenroir  I.  it  altered,  roughly  by  fJidJng  the  ciadk  K  up  and  down  by 
hand,  and  (inaliy  by  means  of  the  screw  u,  till  thb  adjuMiiMni  is  com- 
plcie  ai  each  lempenturc. 

\llKn  ibe  sur£K«  of  the  tnenmry  at  J  U  exactly  in  contact  with  the 
steel  point,  the  cx(«»  of  the  pmmte  within  the  holb  above  the  aimos- 
pbcric  prcuan  n  cijiialloihc  weight  of  a  column  of  tncrniry  ofheiiiht  0). 
The  aimoEphcric  preMune  is  eqiul  to  the  weight  of  a  colninn  of  mcroiry, 
of  height  m.  Hence  (be  pressure  acting  on  the  gas  in  the  bulb  is  equal 
to  ihc  weixbt  of  a  coluino  of  nvercury  of  height  lo-f  oj  or  ij.  aitd  (he 
RiriUiireineiii  of  (he  vertical  diiiante  between  ibe  two  mercury  suffaces 
I  and  J  mflitei  to  jcire  the  pressure,  llie  ineasuiement  of  thix  height  n 
tSkntA  by  meant  of  a  caibcionwicr,  shich  is  carivM)  on  a  jMilar  fixed 
aktDgwAb  th«  initrumeni.  the  niea&urenxrnt  being  fociUinicd  by  the  fact 
that  Iht  two  sur&ces  I  and  J  are  pUce<l  vertically  oiic  over  the  other. 
The  lempemtuie  of  the  mercury-  colutnn  i*  nieiisured  by  a  series  of 
thcraiuciurlcn  attached  to  the  upri|{bt  P. 

The  readings  obtained  have  lo  be  corrected  to  atk>n'  fur  the  expan- 
lion  of  the  hulb  on  arcounl  of  (i)  ri»c  of  letnpcralun:  and  (i)  the 
iiKrta»c  of  the  pressure  of  the  gas  inside.  Allowance  has  also  lo  be 
marie  for  the  decrease  in  volunK,  as  Ihc  pressure  is  increased,  of  the  air 
contained  in  the  lulie  BB  and  the  space  between  the  mercuo'  mcntMTus  j 
and  the  Inwer  >ur£ice  of  the  steel  block  a.  The  cocflWient  of  cubical 
expansion  of  the  plalinum-itidiuin  bulb  n^s  determined  by  incasunB(-, 
diKdly  on  the  comparator,  tl*  coefficMnt  of  linear  expansioiL 
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CALORntBTRY 

199.  Quantity  of  Heat.— In  ofdcr  lo  mea^urp  the  qunnriiy  of  heat 
whidi  a  botly  loses  or  ^ains  when  il»  iciiipcratiirc  (h.-ingrM,  or  when  its 
physical  jiale  changes,  we  generally  uie  jis  (he  tiiiii  ihat  quantity  of 
heat  which,  acting  on  a  given  mass  of  some  clioscii  »ubstiinct.  alters  ii* 
tempcraiure  by  »omt  fixed  amouni.  The  subilante  eiiiploi^'d  alinoal 
eidmivcly  for  thi*  purpose  is  water.  Thin  ihe^onit  of  heat  might  tw 
defined  a*  the  hr-at  ncccwary  to  i,\\se  the  temperature  of  one  gram  of 
water  through  one  dcRtcc  Centigrade.)  This  definition,  howcvrr,  will 
only  be  complete  if  a  ifrain  of  water  require*  the  same  quantiiy  of  heal 
10  niae  ili^  temperature  one  deurM^.  wh:iT«viT  ilie  lemperaturc  nl  which 
we  start ;  that  i%,  if  it  requited  the  N-ntne  <|uantity  of  heat  to  raise  a 
gram  of  water  from  o'  to  i',  a*  from  i;~io  ifi*,  or  ftnm  90'  to  91".  Sitit* 
it  h.iK  been  found  ihnt  ihe  quantity  of  Jicst  rrquirrd  nl  difler«rnl  tetn- 
peiaiures  is  different,  it  is  ncceisary  to  spwjfj'  hetwcrn  what  two 
temperatunri  the  water  has  10  be  Idkcn,  and  there  are  a  number  of 
thermal  iinit^  in  use  difilcrin^;  from  one  anolht'r  in  the  teinperitlure  at 
which  tlic  uatcr  ii  taken.     The  chief  of  ihcie  areas  follows  : — 

(1)  The  heal  requited  to  raiie  I  gnn.  of  water  from  o*  C.  lo  1'  C. 

(1)  The  heal  required  to  raise  1  iirm.  of  water  from  j'.j  C.  to  4'.5  C. 

{3)  The  heat  required  to  raiie  i  grm-of  water  from  14'.;  C.io  I>'-5C. 

Each  of  the  abo^y;  units  has,  nl  sonic  time  or  other,  l>oen  callrd  a 
(alm'it,  and  su  in  accurate  work  it  is  necessary  lo  saj'  at  what  iemi>cra- 
turc  th«  calorie  is  taken. 

A  unit  of  heat  largely  used  in  Etigland  in  cnnineering  is  the  heal 
required  to  raise  I  lb,  of  wultr  ihrtiugh  l'  I''.  As  this  unil  is  only  used 
for  ciMnp-iratifely  rough  mcasutcmenls,  the  question  as  to  the  tempera- 
ture at  which  the  water  is  taken  does  not  romc  in. 

For  iheorclicfll  purposes  [and  prartieal  also,  now  t>ial  electrical 
nicnsiircmcnis  pUy  such  an  imporinni  pan  in  engineering),  it  is  con- 
venient to  measuff  heal  in  terms  of  ilie  units  of  work  rir  energy,  since, 
as  will  be  seen  later  (§  150),  heat  and  energy  ate  convcrible,  and  il  hns 
been  jiropoitti  to  atlopl  Jis  the  pratlital  unil  of  he.il  4.3 x  10"  ergs— ihe 
reason  for  the  adopiion  of  this  number  will  be  seen  Inter  (S  351)  -and  to 
call  this  unil  a  joule, 

200.  Specific  Heat.—  If  100  grams  of  water  ai  100*  are  mixed  wiih 
ICO  gianu  of  water  ai  ■>*,  (he  temperature  of  the  mixture  is  found  to  he 
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very  nnrly  jo'.  But  if  100  Kramt  of  coppei  at  100*  are  ]itac«d  in  100 
£Tami  of  waiGT  at  o',  ihi^  An.-il  icinprtaturc  of  the  i^npper  and  water  la 
not  JO*,  bat  about  v'.t.  The  heat  gitTn  out  by  the  copper  in  i-oolinK  from 
100'  la  9',i,  »>,  llircii;^!)  9o".9,  ha»  only  been  JiWc  to  lioat  an  equal  mn»» 
of  water  tlirough  <r'.l.  It  is  ihcfcfoTC  rvvdciit  that  a  ^r«n  mutof  rnpprr 
requireii  ntucli  Ini  heat  10  nine  its  lemperaiurc  1'  clian  docs  an  equal 
raau  of  vater.  (^'Che  <iuanliiy  of  beat  ncEessary  to  riiM  llic  i«mpna(ui« 
of  I  gfWD  of  a  lubttancc  tbrougb  1'  C^  at  any  given  tcmpcratnie,  in  called 
llic  tfiettfit  Jitat  of  the  *ub«tancc  M  that  tempeiaturc\  The  specific  heat 
of  water  (at  the  leniprnilurc  at  which  ihc  r-a]D4ie  is  dclincd)  i.i  lhcrcf»re 
unily,  and  that  of  co)>t>cr.i. 

The  bllowinii  table  t^i'c^  the  fpccific  heat  of  »otnc  tubtlances  in 
teniis  of  water  at  1  j'  C.  Tbe  seccnd  column  k'^'C"  'I^c  mean  icmperaiure 
U  wluch  the  specific  heal  of  the  subiiani.'c  vha  mea&utcd. 


Specific  Heat. 

Subaiaiioe. 

TcMpenuuRi. 

SpedHcHcu. 

Water  .... 

s: 

t.0041 

«            '              -              '              ■ 

10* 

%jOo\f 

■1            .                             -              - 

IS* 

I.OOOQ 

•»-■'• 

TO" 

■998? 

1?                                         ■              ' 

=;• 

■<rff>7 

Ice        . 

-to* 

.502 

Panfltn  («a»  ■ 

10° 

.694 

Coi>peT 

so' 

jO^Z 

Zinc     . 

stf 

-O93 

Ina     .                    , 

>5 

.109 

PtatUmn 

ao 

-Oil 

UeRncy 

.0331 

Petroleum    . 

*»• 

-S' 

SOI.  Tbo  ■ftuoFVintnt  of  tho  spccioe  Heat  or  Soitds.-The 

mntl  uiual  melliod  of  deterrninin);  ll>c  spec  irk  heal  i.if  a  Mtlid  I9  called 
the  HieihttJ  of  ntLxime^  and  lunsi^iv  Id  iKaliof;  a  ^nvn  ma»  of  ibc 
•olWI  10  a  knawn  tempera  lure,  and  tlwtn  immeTSing  il  in  a  vcud  con- 
taininji  a  known  masi  of  nater,  the  inilial  and  final  trmjicraiuirs  of 
•diich  are  Diitcd.  If  Af  n  th*  nans  of  ibc  body,  H'  ibai  of  the  H-ater, 
/,  tbr  initia)  lemprratiirc  of  the  body,  /,  the  initial  ttmpeiaiure  of  the 
waiET,  ami  /,  ilie  final  icnii>er3iure  of  the  body  and  the  water,  we  have, 
if  we  suppose  for  i!»c  iiioinrni  that  ihc  re«»d  rfoe»  mxt  take  up  any  beat, 
Fhat  the  heal  caiited  by  tlic  waiet  J*  ICC  -  1^.  The  brnl  lost  by  the  body 
is  .ir.ty~li)  t,  whrre  1  n  the  speciAc  heal  of  the  body.  Ei)uaiinj;  ihn« 
IMS  qiuiBtttie!!  iif  beat,  wc  ifel 

„  "   '--v. 
Since  tbe  irmperature  of  ibc  vessel  In  which  the  water  i$  contained 
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(cklled  ibe  CalmiinetcT)  is  nu»ed  from  /^  to  /»  Mine  of  the  hnt  gir«n 
out  by  ihe  body  will  hai'c  b«n  used  for  (hi*  purpow,  a,n&  ihe  alxn-e 
reiult  must  be  corrected  im  ihi*  occouni.  If  w  ia  the  iniux  of  the 
r^inrinincr,  and  a  ilie  specific  Iicat  of  the  nulcrial  nf  wiiich  il  is 
compospd,  ilwi  licit  ncocMary  lo  raise  its  tcmpcr«iure  from  t^  lo  /»  is 
M'i~''tV-  '^'^c  product  n.-ir,  tvliich  rcpmcnu  the  quantily  of  water 
which  would  require  lUc  same  quantity  of  heal  lo  tsisc  iii  tempertlure 
i"  ni  doc*  the  calorimeter,  it  called  the  \L-aUr  f^uhtaStMl  or  wtfrvulm 
of  the  calorimeter.  The  beat  ^ined  by  the  water  and  calorimeter  \% 
i^\rj-t.^  +  tv{/i-t^,  and  beoire 

In  fortninjt  the  above  expressions,  we  have  supposed  that  a// the  betit 
given  out  by  the  hot  body  is  received  by  the  calorimeter  and  its  contenls. 
Sinic  the  hot  body  ha*  lo  be  moved  fimn  the  enclosure  in  which  it  was 
heated  to  the  calorimeter,  spec^nl  precautions  have,  as  we  shall  sec  later  on, 
lo  be  tjkcn  to  prevent  loss  of  hc.ii  dutint;  ttaniiL  Again,  although  llic 
calorimeter  may  lie  at  the  »ume  temperature  as  its  surroimdings  at  one 
temperature,  say  ihc  initial  temperature;,  yei  when  the  hot  body  is  placed 
in,  its  tcmpcraiiirc  will  be  higher  than  that  of  U»  surmtmdings,  and  hence 
it  will  lose  heat  by  conduction  and  radiation  (J  341).  Iti  order  to  reduce 
such  loss  of  heat  to  a  minitiiuin,  tlie  calorimeter  \i  supported  on  imali,  badly 
cvnduciint;  feet,  or  suspended  by  threads,  10  ibat  it  »hal!  not  gain  or  lose 
heat  by  conduction  through  ihc  mpporis.  I'he  loss  or  gain  of  heat  by 
radiation  ii  reduced  to  a  minimum  by  having  the  outside  of  the  calori- 
meter polished,  lincc  polished  metal  is  a  bad  radiator  (S  346). 

Rutnford  first  proposed  to  eliminate  the  ciTects  of  radiation  by  making 
a  preliminary  experiment  to  dcteruvine  approximately  the  ri'ic  in  tempera- 
ture of  the  calorimeter,  and  then,  in  the  linnl  experiment,  cooling  the 
talorimcicr  before  the  initoduciion  of  the  hot  body  to  a  temperature 
lielow  ihai  of  the  surrounding  bodies  hy  an  amount  cqunl  10  half  the  rise. 
By  this  dei'irc,  during  the  first  part  of  the  lime  lielwcen  the  introduction 
of  the  hot  body  and  the  reading  of  the  final  lemperaiure,  the  lalotimclcr 
would  receive  heat  by  radiation,  and  during  the  lecond  part  il  would 
lose  heat.  As,  however,  the  temperature  rises  most  rapidly  at  fint,  this 
correction  is  not  perfect,  and  for  very  accurate  observntinnt  the  fotlawiny 
method,  adopted  by  Kcgnaull,  in  which  the  loss  or  gain  by  radiation  is 
directly  mea^tircd,  i«  used. 

The  leniperaturc  of  the  calorimeter  and  ii«  contents  ii  read  at  shoa 
mtcn'aU  (r),  say  every'  10  seconds,  after  the  introduction  of  the  hot  Ijody 
until  the  maximum  reading  has  been  obtained,  and  the  i(^m|>erature 
begins  10  fall.  The  calorimeter  is  then  left,  and  the  fall  of  temperature 
in  two  or  ihroc  minutes  determined,  and  from  this  the  fall   In  the 
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inlprval  t  (10  aeconds)  calculaied.    Tliis  gives  Die  rjie  of  loss  tA  heal 

«t  ihc  hi{;li«sl  leinpeiatiire.    Tlie  taloruncter  is  allowed  to  cool,  and 

the  rate  of  ks*  of  h«at  in  a  time  r 

determined  at  a  number  of  icrn- 

pcraturcs  bcinTcn  the  maximum 

and  the  ori^nal  icmp«raiiire.     A 

(Tirve  ^(J  (Kig-  159)  is  ih™  plotted. 

in  which  th«  ab»cissie  ar«  the  Icm- 

p«ratum  of  lite  talorimeier  and 

ihe  oidinatei  are  the  f»!l  in  lein- 

peralme  at  the  diffcrcni  tempcm- 

tDTF*  during  ihc  intcival  1.     The 

point  P,  where  this  rtin-e  cuts  the 

aiin  of  X,  of  OMirje  corrc^pondf 

to  the  calorimeter,  being  at   the 

utne  innpemtQre  as  im  suTraunding-i,  so 

loses  beat  by  cundticiiim  or  mdiution. 


TEMPERATyRE  or  CALOHIMETER-* 


llial  it  neither  gaini  nor 
'Hie  readings  of  the  tempera- 
tuie  of  the  calorimetct  while  the  tcmpcraiute  was  riiing  are  plotted  on 
square  paper,  the  ahacisiit.-  bcint;  the  time*  from  the  inMant  nlien  the  liot 
bixly  was  introducrd  into 
thecUorimeier.  In  Fig. 
ifio  iJBc  is  Mich  a  curve. 
An  ordinalc  NR  it  then 
drawn  corrcxpondinc  to 
■  time  r;:  from  the  t^uii, 
MmI  (Im  GorrMpoiKling 
ttnpcntor*  Tread  fn>m 
tile  curre.  Next  tlie  fall 
of  temperature  {i",)  dur- 
ing ihc  lime  r,  n*ltcn  the 
Icmperaiureaftliecalori- 
meter  i*  T,  i*  read  from 
the  curve  {Fig.  I  >^.l 
This  (juanthy  /,  it  added 
on  to  the  ordinate  MU 
to  K'"*  a  "ew  pwnt  Ii*. 
Tliis    point    repicsents 

«bat  would  have  been  tbe  tcmperaittre,  if  there  had  been  no  Iom  of  heat, 
al  the  end  of  the  tiine  r,  for  MD  repre:iems  the  actual  lempentliirc,  and  Dl/ 
irprricnti  tbe  loo  which  has  taken  plane  up  to  then.  In  the  uinc  u';iy  the 
,  Ul  ofteroperatuie/icorrvtimndinj;  tolhciempetatureat  the  middle  of  the 
aeit  inierral  i*  rtad  f^,  and  the  sum  of  the  two  qiianiiirr;  /,,  /,  i«  added 
la  llie  ordinale  tj>,  stiK«  the  tout  fall  of  leinpetature  due  to  radiation 
aad  cuniiartion  up  to  the  time  P  is  the  loss  during  the  interral  ou, 
tngetket  vritli  that  during  tbe  interval  UP.     Proceeding  in  this  way  a 
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series  of  potBts  are  obtained,  »uch  as  src  indicated  on  ihc  dotted  curve 
i>'tivl(f.  11iis  curve  litxt.  to  ihc  point  K*,  and  aftei  ihat  is  liorixonial. 
Tlio  reason  why  it  retiiaim  Iiuriiunial  is  that  ««  are  allowiiit;  for  the  fait 
of  teiii|ierature  due  Iv  radiuiion,  ;ind  henre  the  dotted  curve  reprasentt 
the  temperature  of  ihc  ciilorimctcr  xuppoilnK  ihere  were  no  lots  by 
radiaiion,  under  which  cl ecu ni stances  the  teinpcrature  uotiM  remain 
conttani  ns  soon  lu  the  hot  body  and  the  calorimeter  had  readied  ihe 
same  icntperaturc.  The  linni  Icmpcraiurc  taken  in  the  calculaiioD  of  the 
specific  heat  is  thai  corresponding  to  Hie  horiionial  part  of  ibc  dotted 
cun-c,  /.A  Ql^. 

In  KJK,  ifii  a  moiliiipd  form  of  RcKnnuh'n  ralonmeier  it  shown.     The 
suhttanre  of  which  the  specific  hc.it  is  to  he  nieaiurfd  is  healed  in  ihc 

healer  A.  Tliis  lieaier  is  shown  in 
section  at  {a\  and  is  connected  tiy 
Ihc  side-luhe  E  wilh  :i  Imiler.  so 
lhat  ximm  enter*  at  V.  snA  passes 
nut  through  r  to  a  condenser. 
The  temperature  to  which  the 
substance  is  heated  n  in<lirated  l>y 
the  tlicTmomelcr  T,.  The  calori- 
meter c  Is  suspended  Ity  meann  of 
three  lij-lit  sicinK's  inVide  a  brightly 
polished  metal  vessel  D,  while  this 
ressel  i^  itictf  contained  wilhln  a 
mxhkIcii  box  B.  A  dditatc  Iher- 
monielcr  Tj.  which  is  hctd  in  a  clip 
Aiiarhcd  to  the  hot  \\  is  used  to 
(five  the  tenipetaiuie  of  the  liquid 
in  ihe  cnlorimeier.  while  a  siirier  S 
nerves  lo  mix  the  litjttkl  and  ihui 
insure  it  all  beinii  .11  the  same 
temperature.  A  screen  K,  which 
slides  upand down  in  >;i.iide«, serves 
to  protect  the  calorimeter  from 
mdiation  from  the  healer.  When 
Ihe  substance  has  attained  the 
tempcrjluic  of  the  healer,  the 
screen  v.  is  raised,  the  l>nx  B  ran 
on  iis  guides  under  the  heater,  and  the  substance  dropped  down  into  the 
calorimeter,  the  small  slide  i.  bcini;  monieniatily  drawn  out  for  Ibis 
purpose.  Directly  the  substance  hai  been  introduced,  llie  calorimeter  is 
withdrawn,  and  the  scrt^en  K  a^'aln  lowered. 

The  ronsideration  of  cnloriinctric  nielhods  "hith  ikpetid  on  latent 
heat  of  vaiKirisation  or  fusion  will  lie  de.ilt  with  Inter  fJS  ir;,  1\^\ 

FavTc  and  Silbcrm.inn  used  a  calorimeter  which  was  eMcniially  a 
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very  large  mercurial  itiernKinKicr.  The  bulb  tronsitlcd  of  an  iron 
apbcTc  connmriMl  lo  a  aariow  gU»»  jnttdaaled  nvm.  Into  ilii*  spliete 
one  or  Ivo  closo]  tubct  nvide  of  glasi  or  pUtiitum.  sainewbiit  of  the 
&hape  of  leM-lub«.  projcMtd  The  invimnicnt  wiu  iland.irdiitil  liy 
iniioducint;  inio  one  of  iIm;  lube*  a  knuwn  *«ij;iii  of  hot  water,  and 
notintt  ihc  £a]l  of  tciiiperaliue  oS  the  natct  .-ind  the  (li»Unr<:  ihniugh 
irhich  (he  mcrctuy  culimiD  in  ibc  iton  imvclkd.  Thnn.  front  the 
advance  of  ihc  column  when  another  body  vf»  inlroduccd  into  one 
of  the  Inbcs,  ihc  quaniity  of  heat  it  imparts  to  ilic  mercury  cotild  be 
ntctilaied. 

202.  The  Keasuremflnt  of  tbe  Specific  Heat  of  Llqal(ls.~'I'hc 
mechod  of  iiiixiurcs  \i  applicable  in  the  cH«e  of  lii|iii(i»  ;  ctilifr  a  tulid  »f 
knoKn  specific  bcai  being  used,  (he  caloiiniMcr  containing  ibe  liquid,  or, 
rf  Ibc  liquid  does  noi  cortilnne  chefuk'Ally  «itb  water,  a  known  dui»  of 
the  liquid,  at  a  letnpetnliuc  higher  or  lower  than  thai  of  the  water  i«  run 
into  the  catoii meter. 

203.  The  Measurement  of  the  Spedfle  Heat  of  0a»e9.-Whe)i 
a  liodjr  rxpitnd^  ii  dri>«^  iMck  ilic  .imiospbcric  prcs>ure  iitid  licnce  doe* 
■oik  (S  If^J.  and,  a^  ue  s)iall  mtc  later  i^  35.0>  thi*  «x>rk  is  done  at  the 
expcnie  of  sonve  of  tbe  beat  supjJicd  to  the  body.  'I'lius  Ibe  specific 
heJi,  i>.  the  beat  required  to  raitc  ihc  icniperatiirc  of  unit  maw  i'  C, 
of  A  body  will  be  different  accordint;  as  il  is  allowed  lo  exp-tixl,  and 
bcnce  do  CKteina)  work,  or  kept  at  constant  volume  by  suitably  alierin)- 
the  preMnre.  In  the  case  oJ' solids  and  liquids  the  expansion  it  so  small 
ihut  ibe  e^lcmal  n-ork  done  and  the  heat  necessary  to  do  this  work  are 
ne|)igablc.  The  »pc<ifie  heats  .is  detemiined  are  at  constant  pressure 
but  wnuki  difier  inappieciaUy  frnm  the  specific  beau  at  constant  volume. 
la  the  caie  »f  gasci,  where  the  rhange  of  volume  when  they  nie  hrjtfcd 
M  cMUtani  pretMtre  is  considcrabtc,  the  nmouni  of  he.ti  irqtiirrd  lo  do 
the  external  work  perfmnied  by  tbe  expanding  gas  amounts  lo  a  lar^e 
ftaniau  of  the  lie^t  supplied.  (Ieli<:c  there  arc  two  speciAc  heats  lo  be 
cuntiideied  in  ilie  case  of  a  f;as — (i)  The  tpcific  heat  at  constant 
presmv,  "likh  n  the  heal  icquired  lo  raise  the  tnnperaiure  of  unit  maw 
of  tbe  |[as  ihiouf-h  1°  when  tlte  vressure  is  kepi  conitanL  (l)  Tbe 
((Mirific  licai  at  constant  volunio,  which  is  tbe  heal  required  lo  misc  the 
ian|imiuTc  of  untimasa  of  the  gas  (hroagh  I*  vhen  titc  volume  is  kepi 
ran«iant. 

30^  Tbe  Measurement  of  the  Specific  Heat  or  a  Gas  under 
Cautant  Prwture.  ~.\i.iu[ale  nn-itsuicnurnls  of  the  3pccili<:  heats  of 
Xmses  nnder  constant  ptessure  bai-e  be«D  made  by  KegnaulL  The  j[as 
M  \»  rxprriniented  apun  was  slofed  inuler  pressure  in  a  large  uieul 
merviiir  a  (F>|{.  162).  Krom  this  nrservoir  Ibc  Ka*  pnues  aloni:  a  tube 
in  a  »r.rFW  t-abe  n,  shown  in  section  ai  c.  A  liille  way  beyond  the  t-alte 
thnv  I*  ■  pariluiin  acrofcb  the  iu)>e.  pierced  with  a  small  hole  i>.  Between 
llui  partiiian  and  the  valve  a  side-tube  leads  to  a  manomoici  k.    A»  ilie 
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gan  rscxpcs  rrotn  (he  rewrvnir  the  pressure  becoiMS  Kduoed,  but  by 
opmirm  llic  valve  the  pnrssufc  to  the  left  of  the  partition,  as  shown  by 
the  manoincicr,  can  be  kept  conilnnt,  and  hence  the  g.is  n)u<lc  tu  flow 


Fii.  16J. 


I 


through  the  apparatus  M  a  uniform  rale.    The  gas  next  passes  ihrnueh 

n   long  spiral    F   (Kig.   t&j)  immcrsi^d  In   an   oil   bulh.      H.-iving    ihu» 

nc-qiiirrd  the  temper.niure  of  the  bnih,  the 
gas  passes  into  ihc  vessel  c.  coDiAincd  m 
(he  cAlorimclcr  11.  By  means  of  a  series 
of  spiral  pnrlilions,  as  shoun  al  K  (Fig. 
ibi).  the  ^m  \s  oblif-cd  lo  ^o  ruun<l  and 
round,  10  that  it  becomes  cooled  down 
10  ihe  lemperalurc  of  ihc  water  in  ihe 
calorimeter  before  cscapin);. 

The  mass  of  the  rhs  which  pKsscs 
through  the  apparatus  is  obtained  by 
noting  the  pressure  in  the  vcmH  A  before 
and  after  the  experiment.    The  volume 

hnvlnj;    been   previously   determined,    ih'^i    allowed    the    mass    to    be 

en  kill  a  led. 

CoriTrlion*  h.ive  to  be  applied  for  the  loss  of  heal  by  radiation,  aiid 

for  heat  cbndiicied  to  the  calorimeter  by  the  lube  through  which  the  gas 

enters. 


Fic  [63. 
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Tbe  following  laUe  amUiiu  jwme  «f  the  valun  obtained  by 
Rqtiuult  :— 

SpeaFK  Hkat  or  Gases  at  Coksiant  Pxkssure. 

Air OLI374 

Chlorine     ■        .- aisso 

Cftrbon  dtoxidv a2i69 

Hydroi^n 3-409t> 

Nilro)[en 0.2438 

OxyKcn  0.J175 

20s.  SpMlflG  Heal  of  Gases  at  Constant  Volume.— The  direct 
dMcrmin.inonnf  ihc  spccilic  liciit  ofagiU  at  contUint  volume  »  rendered 
very  ■i)fi<'u!i  trmn  the  neceuity  of  coctosing  the  sas  in  a  \-euel,  the 
water  vjihie  :<i  sot)  of  which  will  be  enormously  greater  tlian  Itini  of  ihn 
eni-'loMd  f  ai,  l>irocl  dctcrminalion*  of  ihii  quantity  h.ive,  howc^«r,  betn 
made  by  Jo)y,  who  employed  for  this  purpose  the  siefun  calorimeter 
ile>cnb«lin  M^S- 

Aj  will  be  sei-n  later,  ii  ia  possible,  by  meuuring  the  velocity  of 
sound  in  a  gai,  to  calculate  the  ratio  of  the  specific  beat  at  coniiani 
pressure  to  ihai  at  conMant  volutiw-  Knowing  iIm;  specific  heat  at  eon- 
ttaat  prcuure,  we  arc  ilicn  uble  lo  rjilrtjtai<-  that  ai  con^i.int  volume. 

20s.  VftrlatioD  of  Specldc  Heat  with  Change  or  Temperature. 
DflBSity,  and  Stat^— Kry;i>au1i  cx-immed  the  valu»  of  the  sjx^cilic  heal 
al  constant  ptesmrc  of  gases,  ai  dtOcrcot  temperatures,  and  found  that 
while  tbc  specific  heal  of  aii  is  practically  constant,  that  of  carbon  dioxide 
tacreates  coiHiderabjy  as  tlie  temperature  rise*.  !l  is  probable  thai  all 
gaic*  wbich  deviate  ftotn  Boyle's  and  Charles'*  laws  shnw  nn  incrca^  of 
Specific  facai  with  increase  of  lempcraturc,  but  that  a  pcr^t  ^-as  woukl 
pOMMa  a  conauni  ipeci&c  heal. 

Id  the  c»c  of  waicr,  Rowland  and  Bartoli  and  Stracciaii  lind  that  ihe 
specilW  heal  decreases  from  o'  lo  a  temperature  of  y>'  (Rowland)  or  ao' 
(Bartoli  and  SiTaL-ciali),  and  then  increases.  'Die  recent  mcaiuretnenis 
of  (irifiiihs.  however,  seem  to  show  that  there  is  no  mintmutn  ai  any 
nrmprraiuic  Iielow  30*. 

Tha  specific  l»rai  of  rk)«I  solidt  increases  nith  incieaf«  of  iem< 
panunrv.  The  most  ootcwonhy  cam^  ot  the  increase  oi  spe<:i6c  heat 
with  utapcraiure  are  the  solids  carbon,  boron,  and  silkon.  For  ibe 
reasMM  given  in  ihc  next  teciion,  a  study  of  the  specific  heat  oftlvcsc 
three  bodies  is  ot  panicnlar  interest,  and  was  undertaken  l>y  Weber,  wlio 
employed  lltinsen's  irenialorimcter  (j!  312)  for  Icmperatum  tip  10  100', 
and  a  waier-calorimetrr  for  higher  lempemiures.  Tlic  temperature  lo 
■hicti  itie  body  was  raised  was  oblaincd  by  having  a  lamp  of  platinum 
liMtcd  lo  thr  laine  icmpeiaiurc  as  Ihe  body,  and  placing 'this  in  h 
•eoood  catorimcicr.    Tlten  from  the  rise  in  temperature  produced  1>v  the 
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plalinum,  and  from  the  ipcHiic  hrai  of  plaiinnm,  tlw  iniikl  tcmiwnituiT 
wa^  c^kiilHted,  Ttic  vali**  hs  obtjiTint  for  csrlmn  in  ilie  form  of 
(liamnnil  ure  sliowii  Iiy  a  cune  in  Fig.  164,  li  will  be  noticed  iluil  Ibe 
specific  htai  of  diamond  n  alxiui  four  tunfci  as  grcal  at  a  letiipcnture  of 
joo'abit  isaio'iwhileai  tempMmiuius  above  6<»*  ilie  specilic  bcai  ranaina 


20Q*        400*         600*        800*         1000* 
TEMPERATURE 


almott  fonxiant  Similar  rtsulta  tver«  obtnttipd  in  the  caic  of  boron  ud 
tilicon,  except  rhat  in  iIil-  eaie  of  thu  laiicr  sulmancc  ibe  upccite  heat 
is  almost  conslJim  at  teinperatur^i  aljove  loo*. 

In  the  case  of  Ujtliin  nhich  arc  r^-ipablc  of  rxisting  in  more  Ihan  one 
allotropic  iiioililk-ntjun,  marked  diflVmiccs  in  the  ipecifit  heats  of  the 
varioua  fbrmji  arc  often  found,  Tims  in  llie  case  of  calcium  carbonate 
the  spccilic  beat*  of  AraKonilc  and  Iceland  apar  are  oioRj,  thai  of  chaJk 
0.3148,  and  thai  of  marble  a:i58i.  At  ordinary  lemprratures  the  specific 
heal  of  rjiihon  in  ihc  form  of  diamond  is  0.1469,  wood  cliarcoal  o.ijij, 
and  graphite  asoi?.  Weber  fmmd,  however,  thai  ai  high  icmpeniiurcs 
all  fonui  of  ctibon  have  the  same  specific  heal,  llie  same  probably  heinif 
the  case  with  nther  polymnrphoii*  iHtdiet. 

Tb*  specific  heat  of  nicwt  liodics  is  different  in  the  three  itsies— 
solid,  liquid,  and  ^.-as.  In  ({eneral  the  ipcdfic  beat  in  the  solid  and 
gattous  states  arc  mudi  smaller  than  in  ihc  liquid  Maic.  The  following 
table  vyvt.^  some  valocs  af  the  specific  heat  for  bodies  in  different 
stales :— 


I  207]  Dmhng  and  Fetifs  Lav 

CRAKce  or  STKanc  Hrat  wmi  Cmaxok  or  State. 


241 


1 

1 

SsbL 

iJi^Bkl. 

Ou. 

Ifrater.        . 

a$o 

1.000 

o^^ 

EHercnry 
Tin       ...        . 

OojM 

<xej33 
00637 

... 

Lead     .... 

ftojM 

00403 

... 

Akohnl 

aS475 

<X4S« 

Elher    .          _         .         . 

05390 

<M797 

207.  DulODg  and  Petlt's  Law.— Dulong  aod  felit  fini  enunciated 
(he  law  th:ii  tlic  product  of  ibe  «p«ciAc  heat  of  an  clemcnl  in  ihc  »nlid 
suic  into  the  atomic  weight  is  a  constant.  The  product  of  the  aiociiic 
«i-i){hi  into  the  specilic  bcai  of  a  ga'  is  also  approximatcl/  constant,  but 
uboui  lialf  tlie  value  of  the  product  in  the  cue  of  solids.  Iii  the  case  of 
liquids  the  U«  does  not  apply  at  all.^'  [f  n  w  the  number  of  molecules  in 
anil  insui  of  a  »oli<l  element,  v  Ibe  man  of  each  nwleculc,  a  the  heat 
re({(iircd  to  rai»c  the  temperature  of  a  siitgte  molecule  1*,  and  .V  ibe 
specific  beat  of  the  body,  ««  hai-c  S'^an  utdtmr^  1.  Hcncev  —  ai-.9. 
iUncc,  according  to  Duloog  and  Peiil'a  lav,  *vS  i*  a  conxtani,  it  follows 
that  »  is  alio  coo&iant,  or  ibc  heat  required  10  raise  the  tcnipcratuie  of  a 
molecule  uf  all  the  elements,  when  in  ibe  »otid  stale,  ihtuu^;)]  1'  is  ihe 
**me.  Tbe  product  of  the  tpeei6c  heat  into  ihe  atomic  weight  of  an 
dement  n  called  the  aiomic  hcAt,  and  the  values  of  this  quantity  fat 
wme  clctncDls  are  pv*a  in  the  following  table  :^ 

Atomic  Ukats. 


Aloenie 
W«igl>l. 

Spe^cHes*. 

AiooUe 
H«U. 

Hrdrogvn'l 

Onyjfen       J   (gaseous)  . 
Ninogcn    1 

■ 

3-10? 
aiiS 

3-4 

16 

3-S 

U 

0344 

11 

Iran       ..... 

8 

0109 

Copper 

Ob09i 

s 

,  Zior 

65 

ac93 

1  rtaitntim        .... 

t<M 

ax>t3 

6l1 

1  Ancnic 

?i 

&I 

1  Sclcniiin)       .... 

79 

0084 

6.6 

'  Sodium 

»J 

<x«93 

&7 

I'olasiium      .... 

39 

0170 

M 

Sulphur 

3a 

016] 

11 

Mrjctirj-  (solid)      . 

100 

0031 

Cartel) 

Bonm 

13 

II 

0144 

(JJj')o.)86 

<l.7) 
4.0 

SiCcon 

38 

J  (S7*)o.i83 

5-7 
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li  will  be  seen  that  the  xtomk  li*on  offfasci  are  about  3.4,  nnd  those  of 
solid*  about  614.  After  what  Iiaa  been  iaiJ  in  the  previous  Motion  a»  i» 
the  rhaitifc  of  specific  heal  wiih  tcinpei:iiure  and  wiih  tbe  allotropic 
stale  of  a  body,  the  difference*  obtained  arc  noi  %uqHiiinx.  The  values 
of  ibe  aiomic  heats  of  carbon,  boron,  and  ulicnn  obtained  by  ufinj;  ih« 
specific  beat  as  niea&ured  at  ordinaiy  tempcratum  arc  very  difTeieiM 

I  from  6.4,  anU  il  was  with  a  view  tu  lesiini;  whether  these  abnormal  values 
of  ilie  atomic  heat  would  persist  at  all  lenipenilure*  that  Weber  under- 
look  his  ini-csiigaiinn  into  tbe  tpecific  heal  of  these  bodies.  It  is  10  be 
poled  thai  these  three  bodies  are  all  very  diiiiciilily  fusible,  so  that  at 

'ordinary  tcinpcraUires  they  are  a  long  way  from  their  nicltinK-puiuL 
The  specific  heui  of  inusi  solids  Menis  to  beconic  cunstant  ocar  a  certain 
lempenture,  and  hentc  it  ii  only  re-jsonable  to  employ  the  specific  heat 
measured  at  such  temp?  ram  re  for  gctiinK  the  aiumic  beat :  and  it  is 
pmbnble  that,  if  this  wc^e  done,  Dulong  and  I'ctil's  law  would  be  more 
nearly  iruc.  In  ihc  case  nf  tarlwn,  boron,  and  silicon  ihc  table  shows 
how  very  much  bciier  ihc  atotniL  heats  calculated  from  the  specific  hcnts 
at  hitfh  temperatures  agree  with  the  other  atomic  heats,  than  do  those 
calculated  from  the  specific  heats  at  low  tenipcrstures. 

An  extension  of  Dulong  and  I'etit's  law  is  due  to  Woeslyn,  who  sujt- 
gests  itiBi  the  atoms  of  the  elements,  even  when  coiiibiiieJ  with  one 
another,  presenc  the  same  spccjiic  heal  thai  they  have  in  the  uncombined 
state,  so  thai  the  thermal  capacity  of  tbe  molecule  of  any  compound  is 
equal  to  the  sura  of  the  atomic  heats  of  its  constituent  atoms.  This  law 
IS  not  vciilicd  by  experiment  with  any  degree  of  completeness,  and 
Neumann  has  limited  the  law  to  ihe  statemciu  ih.il,  for  compounds  be- 
longing to  ihc  same  general  formula,  and  which  art  similarly  constituted, 
the  product  of  the  molecular  weigbl  inio  ihe  specilic  hcni  is  constant ; 
but  that  the  value  of  the  pniduLl  \-aries  from  one  scries  to  anoihcr. 

The  following  table  gives  the  specific  and  molecutur  heals  of  some 
compounds  :— 

Moi.RCtrLAK  Meats. 


Typf  RCt. 

Mole«]lar 
WeigtiL 

Specific 
HeaL 

Moli^cutu 
Hmi. 

Sodium  chloride  (NaCl) 
Potassium  chloride  (KCH) 
Silver  chloride  (AgQ)    . 

58.5 

74- S 

"43 

a2i4 
0.173 

O.OI)t 

12.S 
12.9 
13-0 

Type  RClj. 

Barium  chloride  (DaClj)         .         . 
Slrontiimi  chloride  (SrCIJ 
Lead  chloride  (I'bCl,)    . 

208 
rs8 
=78 

0.090 
0.120 

a.o66 

18.7 
19.0 
1B.3 

Typt  ffSO^ 

Barium  sulphate  fBaSO,) 
Strontium  sulphate  (SrSO,     , 
Lead  sulphate  (PbSO,>  . 

333 
184 
303 

0  113 

0.143 
0.087 

26,4 
=6,3 
26.4 

n 
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If ««  uRime  th.ll  llic  alum  of  lodiuin,  putaisium,  or  »ilvei  ic(|uiiea 
the  Hime  amount  nf  hc»(  to  ruisc  iw  temperature  one  degrei-.  uhcthct  il 
is  (r(«  or  combined  with  cbtorinc,  wc  can  calculate  the  atomic  heat  of 
Fchtorinc  in  the  tolid  condiiioo.    Tbut 

12.8-6.4=6.4, 

M)  that  the  Dioink  heat  of  solid  chlorine  is  6.4,  and  it«  «pectGc  heat  is 
6.j,'3S-5.  *"o-'8- 

In  the  Mine  way,  from  the  saJts  of  the  type  KCI^  we  have  that  the 
atomic  heat  of  chlorine  ia 

1(18.7-6.4)=  13.1,1=6.15. 

Ipplyinf;  the  «unc  method  of  calculation  10  obtain  the  atomic  heat  of 
blid  oi)-gcn  from  the  molecular  heats  of  the  salts  of  the  type  RSO„ 

Intent 

K»M-&4  X  3)-  '3-6/3=4-S- 

In  thi«  r^-iie  tlte  atmnic  heat  is  distinctly  below  6.4,  and  the  mean  vnlue 
_fi>c  wilid  flxj'gcn  obtained  ftoin  oxides  und  %a\is  is  4-I. 

As^umiiii:  the  ^-iilue  j.t  for  the  atomic  heat  of  oxyKcn,  wc  can  cal- 
ilate  the  atomic  heal  of  solid  hyxltogca-  The  spccilic  Iwst  of  ic«  is  0.5, 
to  that  ibe  molecular  heat  is  l$X.5-9b  Hence  llie  atomk  heat  of  Mlid 
hydrogen  t» 

J(9-4.l)-'a.S. 

numbers  obtained  in  this  way,  dcpendiri);  as  they  do  on  so  many 
beiev.are  probably  only  approNimaiety  correct;  they  reprejent. 
ever,  uti  interesting  application  of  Woeityn's  exiension  of  UuUrng 
I«nd  Petit'*  law. 
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208.  Me1tlRg:-Polnt.~~One  of  the  lixwl  puJnti  choMti  for  thcrmo- 
mett)- n  the  tcm|>«ratuic  at  which  ice  mdli  when  subjected  to  ntmot- 
pltcric  prcuuK.  Ax  long  at  the  ice  in  putc  (hit  trinpcraturc  teems  quite 
consinnt,  and  therefore  U  suitable  for  use  as  a  Rxcd  pnini.  If  a  miKtura 
of  ic<r  and  water  \%  at  any  temperature  except  o'  C,  it  will  gradually 
dianife  ili  phjMcal  stale,  some  of  the  ice  becMninf;  flui<l,  if  ihe  tempera- 
lure  is  altove  «',  or  sumc  of  the  water  solid  if  the  temperature  is  Iielow  o". 
At  ft  icmpctnttirc  of  o',  however,  solid  water,  or  ice,  and  liquid  water  can 
coexist  without  change.  Id  the  caic  of  ice,  the  mtlliag-poittt,  which  ■« 
th«  lemperaiiiic  of  melting;  or  the  icmpcraturc  ai  whirh  wnier  tolidiAct, 
1H  very  well  marked  ;  there  arc,  however,  ulher  bodies,  such  as  fflaat, 
iron,  &c,  whkli,  when  heated,  become  gradually  lofier  and  wher  as  the 
Icmpenilurc  ritci,  pauing  lhiiiU){h  the  conditions  of  .1  soft  lolid  and  a 
viicous  fluid,  so  that  ihcy  have  no  very  well-marked  melting -point,  the 
Mlid  passinj;  into  the  liquid  condition  by  inientible  gradations. 

Thefotlowin^  lablegives  a  series  of  ineltin{;-poini4,  the  temperature  cor- 
respondini!  totlie  bodies  at  llie  upper  end  of  the  liat  bciu^  t;ilher  doubtful: 


■•» 


MKI.TIN<;-P01XTTt. 


Iridium.  . 
I'laiinum  . 
tappet .  . 
Gold  .  . 
Silver  .  . 
Aluminiiiin 


J230 
1800 

log: 
985 
6J5 


Zinc  .  . 
BisTiiuth 
Sulphur . 
Paraffin 
Ice  .  . 
Mercury 


1>S  C 

.     415 
.     z68 

•     'IS 

o 
■   -39 


209.  Chanfre  tn  Volume  durtng 
Fusion.  — Moil  substances  occupy 
a  Uryci'  volume  in  the  liquid  than 
in  the  solid  stJtc,  so  Ihnt  contrac- 
tion takes  place  on  sotidilication. 
Thetc  are,  however,  exuKplions  ; 
some  substances,  such  as  icc^ 
cast  iron,  and  bismuth,  expand  on 
solidification.  In  the  tase  of  water,  the  changes  in  volume  which  lake 
place  between  a  temperature  of  -  20'  C.  and  50"  arc  shown  in  Fig.  165. 

*t4 
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Thcdensiiy  of  ice  at  o'beinj;  0.91674,  And  ihDt  of  water  at  the  ume  lom- 
pcrature  (X99987,  the  increase  in  voluitKt  of  on«  gram  of  water  when  it 
Milidifm  i>  <xo907  cc.  Water,  when  cliarif-iDK  to  ice,  is  capable  of  exert- 
ing an  enormous  fbrt-e  if  iis  enpansion  is  roiMed  This  expaiuive  force 
is  »'ident  in  the  burbling  of  vater-pipes,  and  lh«  dtctntegration  of  rocks 
into  the  pore*  of  which  waicr  has-  pemiraied. 

2ia  ElTeets  of  Pressure  on  Che  Melting -Polnt,^  In  1849  l*rof. 

Jamc*  Thomson  showed'  that  it  followed,  Irom  the  mrrhanical  theory  of 
heal,  that  if  a  body  expand*  on  tolidilicaiion,  like  water,  then /increasing 
the  pi«%sufe  urill  k>wcr  the  freciing-point ;  while  if  the  body  coniracK 
un  solidilkaiton,  like  [Mraflin,  then  increasing  the  pressure  witl  raise  the 
frcciing-pointl  He  calcnlated  that  in  the  case  of  "atcr.  inctcasintj  the 
preisure  by  00c  almospliere  would  Io*ec  the  fieciing-point  by  o".oo75  C, 
Hence,  under  a  pressure  of  1000  aimospheies.  waier  nxiuld  not  frceie 
above  a  temperaiiire  of  -  ^'.y  In  other  words  'f  wnlcr  remains  liifuid, 
which  it  must,  tiiilf-u  ii  is  able  to  expand  as  ii  paiscs  inio  ice,  at  a  lem- 
pCfature  of  -7''.;,  llien  it  mini  be  subjcclcd  to  a  pressure  ofal  least  looo 
aliDotpliere*,  and  it  is  clear  how  water  in  freezing  is  able  lo  burst  even 
AAA  Meel  sbeUs. 

TIm:  following  table  yivn  some  of  ilie  resulls  obtained  by  Tammann 
on  titc  edcct  of  pfOMure  on  the  meliinjc-point :— 


Chahoe  or  TKB  Mbltikg-Poimt  with  Prbssurb. 

ISubcuno!. 

HmMK  In  klkicmitt 

mftil  per  iqaflrc 

ccMiBMircL 



SMtinc-roibL 

Bcottne    ,               • 

O 

>J 

rt             ... 

500 

l(M> 

It               .            »            . 

1000 

3'-4 

w                  ... 

3000 

54.8 

»               •            ^            , 

3000 

v-^ 

*•             •          .           , 

3SW 

81.4 

N  NrabenzcnB 

1 

S-i? 

■• 

500 

163 

H 

lOOD 

37.4 

■1                             • 

aooo 

46.4 

n 

3000 

65-4 

» 

3SO0 

74.3 

Photpliocm 

0 

43-9 
57* 

n                     '           ■- 

500 

«* 

lOOO 

71.S 

__                                               ^ 

aooo 

V}A 

It  will  be  DDtkeii  ihai  the  change  in  the  metting- point  ri  very  con- 
Thos  at  a  ptecaure  of  3500  kilograms  per  square  cenlioMtre 
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(3387  aiiTUHipheretX  ^^  nK'tting-poini  of  hrnzcne  is  above  ibe  ordinary 
boiling-poini  (SOat  a  prcs»ute  or  one  atmosphere. 

If  a  wire  loop  w  pa«»nl  round  a  block  of  ice,  iind  a  weight  \*  attached 
10  the  bottom  of  the  loop,  ii  will  be  found  that  iho  wiTc  gradually  ruii 
tliroiigh  the  blork,  biil  thai  tbr  ire  joins  togctbn  ngain  shove  the  wire, 
io  tbal  the  block  icniains  whole.  This  pbcnomenon,  which  is  rcfrrred 
to  «s  rci;elaiion,  is  explained  r«  follows.  Tlie  whole  block  being  at  o*, 
the  ice  inuncdiately  under  the  wire  is  compressed,  and  has  H*  melting- 
point  ioweriEd  lu  that  it  can  no  lunger  remain  solid  at  o',  And  therefore 
it  melts,  letting  the  wire  tlown,  and  the  water  flowing  rourid  the  wire. 
The  melttnn  of  the  ice  came*  a  lowering  of  temperature  on  account  of 
the  latent  hrai  (,S  Jii;  of  fusion  of  the  ice.  The  water,  when  it  gel« 
above  the  wire,  is  no  longer  compressed,  and  hence,  as  its  lemperarare 
is  below  o*.  it  again  frctiea,  JMning  together  the  severed  portions  of  the 
ice  nboi-e. 

211.  Latent  Heat  of  Fu3lon.--When  a  vewel  containing  a  inixnire 
of  ice  and  w;.ier  at  o"  is  hf-aicd,  it  i<i  found,  if  tlie  contents  are  »«II  stirred, 
that  the  temperature  remain*  at  0°  ax  long  as  any  ice  bi  left.  Since 
heat  n  being  supplied,  and  the  temperature  dots  not  rise,  it  follows  that 
heat  must  l>e  retguimi  tu  convert  ice  ,»i  o'  into  «ntrr  at  the  same  tem- 
perature, Tliis  heal,  whirh  is  employed  not  in  changing  the  tempera- 
lurt  of  a  btwly,  hut  in  cliailginj;  lis  sliitc,  is  called  laUnt  Meat.  \r>  the 
same  wuy,  to  conicrt  water  at  o'  into  ice  at  o",  boat  ha*  to  be  abstracted. 
(The  quantity  of  h«ii  required  to  melt  unit  mass  of  a  loliLi,  or  the  quan 
tily  of  heat  which  must  be  removed  to  convert  unit  mass  of  a  licguid  into 
a  solid,  in  both  cases  without  changing  the  teinperatiire,  ii  c:,illed  the 
laUal  k*at  of/usicn  of  the  hody.'^ 

We  have  seen  tbal,  acrnrtMnn  to  the  iiioleiivilar  theory  of  the  con- 
stitution of  matter,  ,ihc  molecules  in  a  solid  ate  more  closely  held 
together  than  in  a  liquid,  bo  iliat  part  at  any  rate  of  the  latent  heal 
pmlBibly  represents  ihc  work  which  has  to  be  done  in  loosening  the 
molecules  of  a  solid  nhcn  it  becomes  a  liquid. 

The  latent  heat  of  solids  may  be  mcasiirrd  \rj  means  of  the  method 
of  mixture*.  Thus  suppose  If  grams  of  a  solid,  of  which  the  latent 
heat  of  fusion  is  /^  at  a  tcinperaliire  /,  are  placed  in  »  calorimeter,  the 
water  equivalent  of  which  and  of  its  contents  is  «',  and  that  the  tem- 
perature of  the  calorimeter  falls  from  /,  to  /,  If  s  is  the  spectSc  heal 
of  the  body  in  the  solid  slate,  i'  Ihc  spccilic  he,-it  in  the  liquid  ilatc,  and 
4  the  melting-point  of  the  body,  then  the  heat  absorbed  by  the  body 
in  being  heated  fiom  /|  to  /«  in  the  solid  state,  then  melting  at  /n  and 
finally  rising  from  /„  in  /,  in  the  liquid  stale,  is 

while  the  heat  lost  by  the  calorimeter  and  il>  contents  is 


w 


Bititstfi's  Calorimeter 


Equatinff  llict«  two  (|uanuiict  of  heal,  we  k^ 
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J^^-'^  -  f*^<U~fii'  U^'Kfi'*^. 


W 


If  the  soGd  is  originally  it  iis  nicliing-point,  /,  is  equal  to  f„  «nd  no 
licit  » tued  in  raising  the  iemp«raiure  of  the  soliil,  so  that  L  is  given  by 


t. 


■a<t,-'^)-»'*KU-Q 


W 


I  The  following  (able  gives  tho  Utent  hemt  of  fusion  of  ioine  &ub- 

I       stances. 

^K  Latknt  Heat  or  Fusion. 


Zinc    . 
Lead  . 
Silver 
McKUiy 


C»liirle» 

grftm. 

28.13 

S.86 
a  1.07 

3.S3 


E  -i 


^.         % 


A 


y 


B 


-V-/-'- 


Ice 

Stilphur 

raraffm 

;  .*^    Beniene 

**''  212.  Bunsen'S  Ico  CalorimcMr.— tiimien  hm  utitisoi  live  rhangc 
ID  vulumr,  thich  inkci  [J.iti-  «-h«n  i«  i*  niHtwi,  10  wtiinale  thcqiianlily 
of  ke  raeUed,  aad  hence,  knowing  the  lat«ttt  hm  of  ice,  to  obtain  a 
■neaaare  of  the  Ileal  employed. 
His  ice  calotimeier  conMMi  of 
I  g\»x%  lc»l-tubc  A  (Fig.  166), 
iatfcA  into  a  cylindrii'^l  fLluM 
Imlb  H.  The  lower  pan  of  this 
batb  U  connected  by  a  glass 
tube  C,  with  a  biMiiontal  cUiiS 
tube  D,  of  Tme  bore,  to  uhich 
a  Kale  t%  atlacbed.  Tlie  upper 
pan  of  B  IK  fined  with  dittilled 
water,  whkb  hat  been  ««ll  boiled 
in  free  ii  front  ditiolved  air,  the 
■nwer   pan    aud    the    tide-tube 

hr-_injj  tilled  with  inercuiy.  By  passing  akrohol,  which  has  been  cooled 
in  a  frecnoK  mixture,  ihtousli  \.  a  coating  of  ice  is  formed  all  round 
the  lower  part  of  A.  Tbe  initruntcnt  b  then  packed  round  with  melting 
maw,  and  left  till  ihe  temperature  of  ibe  whotc  apparatus  conws  to  zero. 
To  determine  the  specific  heat  of  a  Ribstaivcc,  a  known  mau,  healed  to 
a  temperaiure  I,  Is  dropped  into  a,  and  ibe  anwant  of  ke  mcllcd  cal- 

1  front  Ihe  diataivce  ilie  mercury  recedes  along  tite  ([radiiaicd  lube. 
btsUument  is  often  calibrated  by  Iniiodacing  a  known  mass  of 

ai  a  lempcralure  /,  and  noting  the  number  of  divitions  through 
(h  the  mercury  recedes,  and  then  cakulallng  llw  quanllly  of  heat 
I  to  ai  whtcb  cauHs  ilie  meicury  to  recede  through  one  diviiMMi. 


Tio.  i«L 


348 


Heal 


[8  "3 


218.  BtriUns- Point.— Wl>ea  warn  is  h«aird  in  a  beaker  ibr  tempera- 
lure  Kradualljr  risct,  and,  uolew  the  waier  h^s  been  xcty  ratcfulty  freed 
(rom  diiiolveJ  jjai,  as  ihc  tcmperjluri;  (jcli  neat  lOo"  C.  small  bubble* 
]irc  fonncd,  moxlly  on  llie  sidci  of  ihc  uintainiitg  v«Md.  If  the  ainim- 
pheric  pressure  is  76  em.  of  mercury,  under  ordinary  circumstances,  when 
ihe  temperature  reaches  too*  C.  bubbles  are  rapidly  formed,  and,  riiins 
to  the  surface,  burst,  and  itie  icmperaiurc  remains  constani.  The  waier 
is  now  said  to  Ixiil.  As  has  been  mcniioned  ia  deatinc  with  ih«  upper 
ihcrmomctric  fixed  temperature,  (he  temperature  of  borltn^  water  dcp>ends 
on  the  pressure  to  which  ihc  water  is  subjected.  Unless  otliencisc  stated, 
il  is  unuil  to  give  the  boiling-point  of  a  liquid  under  the  pressurt  o(  a 
slaodatd  atmosphere  (I  135). 

Die  temperature  of  ihe  liquid  when  ebnllilion  takes  place  depends 

/'  ktighily  on  the  nature  of  the  containinj;  vessel.  The  icmpemturc  of  the 
vapour  given  ofTi*,  however,  independent  of  the  nature  of  the  vessel,  and 
hence,  in  dctcnmninji  the  boihrtg-point  of  a  li()uid,  the  ihennometer  U 
uiually  placed  in  the  \'npoi]T  and  not  in  the  liquid  iuelf. 

The  following  (able  gives  the  boilinK-point  of  some  bodies  under  n 
pressure  of  one  atntospbere  :~~ 


Zinc  . 
Sulphur     . 
Mercury    . 
Water 

Ethyl  alcohol 
Eiher 


BOIUKK-POINTS. 

916*  C. 

Carbon  dioxide 

«+s 

Chcygen 

3S7 

Atr 

100 

Nitro(ren     - 

78 

Hydroj^n  . 

J4.6 

79*  C. 
-183 

-IM 
-196 

-»3« 


214.  Latent  Heat  of  Vaporisation. — As  in  the  case  of  the  conver- 
sion of  a  solid  into  a  liquid,  so,  in  ihc  la^e  of  conversion  of  11  liquid  into  a 
vapour  .It  the  same  tcrapcmture,  heal  has  lo  be  supplied.  The  quantity 
of  heat  that  has  to  be  supplied  lo  one  gram  of  the  liquid,  at  the  boilinj[- 
point,  to  convert  il  into  vapour  without  changing  il*  icmperaiurc  or  the 
quantity  of  heat  given  out  by  one  gram  of  the  vapour,  .11  the  boiling- 
point,  when  rondcnsing  10  liquid  at  the  santc  icmpetature,  is  called  the 
l.iUttlkf.itofr-aporisatioH.']  The  boiling-point  in  the  above  definition  is 
the  temperature  of  ebullition  under  one  st.indard  atmosphere. 

One  of  the  simplest  methods  of  deiermining  the  latent  best  of  vapor- 
isation is  that  designed  by  Rertheloi  and  »hown  in  Fig.  167.  The  liquid 
to  be  experimented  upon  is  coniained  in  a  glass  fiask  t>,  down  the  centre 
of  which  runs  a  tube  i>b.  open  at  both  ends.  The  lower  end  of  this  tube 
is  connected  by  a  ground  joint  lo  a  gbss  sjnral  s  which  terminates  in 
■  small  reservoir  R,  and  an  exil'tubc  open  lo  ihc  air.  The  ipir.il  and 
reservoir  are  contained  in  a  calorimeter  uhich,  to  protcrl  it  against  rsdi.i 
lion,'  is  il»elf  contaiiied  in  an  outer  vessel.  Tlie  liquid  in  [he  fl.isk  is 
boiled  by  means  of  a  w\%  burner  11,  the  c:tlorimeter  beinK  protected  fioiu 


l»'Sl 


J^/s  Calerimeler 
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the  hnt  by  bdag  cuvettd  nilh  a  slab  of  urood  itH'.    Tlie  liquid  boib, 

un<t  the  vupour  Iniveb  down  the  lube  n^,  is  oottdniMd  in  the  spiral, 

iuni  toileds  in  the  m«nroir  K.     By  this  amnf;e- 

nieiit  the  coiwknatioo  of  the  liquiil.  before  it 

rmchcs   the   calorimeter,  ii   avoided.     The  heal 

conducted   In  the  rnloKmcter  by  the  glusi  tube 

ai  i»  alUyavd  for  by  noticing  the  rale  at  which  ihc 

temperature  of  tlie  calorimeter  ri»cs  bcibrc  and 

xAer  the  eipeiiment,  when  il>c  flask  is  heated, 

but  i¥>  distilUtioo  i»  taking  place;.    The  wciglii  of 

liquid  condetued  is  obtained   by  wtii^tiint,'  iIm: 

>pira)  and  x  before  and  after  the  expcritnenL 

This  apfxtmliu  is  very  convenient,  for  it  only 
rcqiBKC  about  50  k'^)'"*  °f  <hc  htjiiid.  and  ihc 
nperiment  only  last*  three  or  four  minmen.  By 
M  meant  Uenheloi  obtained  as  a  nican  the  vduc 
5J&1  uilurics  u  ilir  Utent  heal  of  vapoiisaiion  of 
iraler,  whde  Kegnault,  asinK  very  elaborate  ap- 
pafahn,  ubtained  $36.6  caloiiev  dillitbs  luut 
mccntly  obtained  the  valtie  $316.63  calories 
(caloriea  at  15',  sec  |  199]!. 

Tbe  latent  btM  vanes  with  the  prewure.  and 
iherefofe  ieinpeTalurt!,at  wliidi  vaporisation  lalcea 

place  ;  aiut,  according  10  Gtifiithi.  the  latent  heat  at  a  Icinperature  /  is, 
ia  the  cue  of  steam,  given  by  the  expreviion 

21ft.  JtAj's  5l«am  Caiorim«t«r.~UT.  Joly  has  invented  a  form  of 
calaruiietrr  in  which  the  Iic;il  necvuary  to  raise  the  teinperaiurc  of  the 
tttbataoce  of  w-liich  the  specilii:  heat  is  beinj;  measitrcd,  from  a  known 
ICBi^nttire  a(  about  so*  lo  100',  n  olttaincd  by  dcteitnininK  the  n-cight 
of  UCMH  which  mtut  be  condeated  to  supply  the  ncocMary  brat.  The 
■nancement  employed  in  mtasating  the  specific  beni  of  a  g.ts  at  consljint 
voltone  b  shown  in  scctkm  io  f^g.  16EL  The  gm  is  contained  In  a  copper 
•fihtra  A,  fu^pendcd  by  meana  of  a  fine  wire  c,  from  one  ami  of  a  deli- 
OM  balance  l>,  wlikh  is  supported  on  a  iheif  above  ihc  apparatus.  Tbb 
«rJR  poase*  lhrout[li  a  small  hole  in  the  lop  of  a  copper  t-csiel  S,  whidi  b 
itielf  eodoaed  in  ■  non- conduct ing  box.  Steam  h  admitted  lo  the  box 
■  through  ihe  tube  K,  and  that  which  is  not  condensed  within  the  appa- 
law*  putes  out  through  ihe  tube  p. 

When  the  sle-nm  i*  admiitcd  it  con«lente»  on  the  sphere  a  till  ibe 
HtDpemture  rvachci  too',  arMi  the  walei  formed  by  the  condensation 
b  coOacicd  in  a  thin  caicb-pan  <i,  attached  to  the  btictom  of  the  sphi-rc, 
and  Its  wcighl  is  deietmiDed  by  puttini;  neij^his  on  tlw  opponiir  pan 
id  the  bdancQ  till  eqnilibrimn  U  again  secured.    A  light  melal  shield  H, 


wiih  a  hole  through  which  ilie  suijieiuling  wire  c  past«,  scrvei  lo 
protect  the  sphcn;  rroui  any  drops  of  water  produceil  iry  ihe  steam  caa- 

<lci»ini{  on  the  top  of  ihc  vessel  H. 
In  ordrr  lo  prevent  ilie  roncknsaiion 
of  slcam  on  (he  wlreC,  where  ii  paasrt 
thiDu^h  the  hole  in  b,  a  spiral  of  fine 
platinum  aire,  1,  is  placed  round  the 
wire,  bnl  not  touching  it,  and  thti 
»THra1  U  hcnied  by  piuslng  a  current 
of  electricity,  tn  this  way  ihe  ponion 
of  the  n'irc  passing;  thioUKh  Ihc  hole 
is  healed  above  lOO',  so  lliM  no 
sicain  condenses  on  h. 

In  the  best  fomi  of  (he  steood 
caloriineler  there  i«  ii  sphere.  Sec,  aui^ 
pended  from  each  of  1h«  armi  of  the 
balance,  t,a  that  ihcy  are  alonKside 
each  other  in  th«  vessel  R.  An  ex- 
periment li  then  made,  in  which  both 
llie  copper  spheres  arc  exhausted, 
and  if  they  liavc  exactly  the  ume 
"watcr-valiir,"lhcbBiancewill  remain 
in  equilibrium  after  the  admission  of 
the  steam.  If  ibc  balance  is  de- 
flected, weights  are  added  till  it  comes 
back  to  e([ui1ibriuni,  :iiid  from  Ihe 
V4liie  of  these  ndik-d  weiuhw  the 
difference  in  the  water-value  of  Ihc 
spheres  can  be  cakulaicd.  Oneofihc 
spheres  is  then  filled  with  the  jjas  lo  be  cxpcrinienled  on  under  a  pres- 
sure of  about  40  nimospheres,  anil  from  the  inite;!! e  in  the  weight  of  the 
sphere  the  mats  of  the  gas  is  obtained,  The  sphere  is  then  placed  tn  the 
calorimeicr,  the  sphere  attached  to  the  other  arm  beinc  xill  cxhttustrd, 
and  steam  is  admiticd.  The  sphere  containinj;  the  jfas  now  condenses 
more  sicam  ihan  the  cinpiy  one,  since  it  requires  some  heat  to  raise  iht 
temperature  of  the  enclosed  gas.  The  wci(tht  «■,  which  has  to  be  added 
to  ihe  olher  side  to  proilute  equilibrium,  is  then  equal  to  ihe  weiKht  o( 
the  water  produced  by  the  condensation  of  a  weight  w  of  steam,  and  ihe 
talent  heat  given  out  by  tins  steam  h.is  heated  the  gas  in  the  sphere 
from  a  tcmpcraiuie  /,  say,  to  loo'.  Hence  if  .1/  is  the  mass  of  the  gaSi 
and  Z.  ihc  latent  heat  of  steam,  the  specific  heat  (,t)  of  the  gas  ia 
given  by 


Fie.  >e9. 


'file  ihcrma!  value  of  the  copper  contain ing-spheic  does  not  come  in 
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Vapour  Pressure 
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since  ibit  is  compensated  by  ihc  empty  sphere  mtnchcd  to  ihe  oiher  urni 
of  the  balance. 

By  means.ur  thb  catorioKier.  Joly  lias  foiinil  the  following  vnliics  for 
the  specific  liciU  of  Mune  g»K»  at  constant  i-olumc,  at  a  pressure  of  about 
30  atnHMpheres : — 


Specific  IIkat  at  Constant  Volume. 


Air 

Carbon  dioxide 

Hydrogen 


cxt73i 
0.1730 
2.403 


r  216.  Vapour  Pressure— If  a  small  bubble  of  air  is  allowed  to  pass 

I  into  ibc  Torritritian  vacuum  of  a  harmiictcr,  (he  mercury  column  is 
I  deptcsscd,  and  if  ft  Rioocssion  of  bubbles  arc  paxscd  up,  each  will  pro- 
duce a  depresMon.  If,  however,  a  small  drop  of  a  liijuid,  say  cihcr,  is 
tmroduced  ihc  column  will  be  depressed,  and  the  ether  become  eniircty 
vaporised  even  at  a  temperature  much  beluu-  iis  ordinary'  hoilinK-pnim. 
If  succeasi>*C  small  drops  of  ctbet  arc  iniroiluceil,  it  will  be  found  thai 
after  a  time  tbc  fiinbet  addition  of  ciber  docs  not  produce  an  ailditiiMi;i! 
deprcssioQ,  aiMl  thai  the  eibcr  no  longer  vaporises  bui  timply  IJoais  as  .1 
Bquid  on  the  top  of  the  mercury  column.  If  ihc  space  abwe  the  mcrcurj' 
be  increased  or  decre>ascd,  bj-  rai»int;  or  lowering  the  barometer- tube  in 
the  ciatein,  it  vij]  be  fonnd  that,  »a  long  as  thcrc  ii  any  liquid  present, 
the  hHgkt  of  ibc  mercury  column  remains  constant,  but  thai  the  quantity 
of  ctlicr  which  vaporises  varies  with  the  »pacc  ahmc  the  mercury.  If  the 
tempcratote  b  increased,  nwre  ether  vaporises,  and  the  mercury  column 
bccontes  more  depressed,  and  iv'.v  irrtd. 

The  dcprrsstoB  of  the  mercury  coliunn  indicates  that  the  liqui<l 
(□mis  a  vapour  in  the  Torricellian  vacuum,  and  thai  this  vapour  excris 
a  pressure  on  the  upper  end  nf  the  mciiruty  column  whidi  partly 
balaisces  ihe  amiosphcrir  pressure.  The  amount  by  which  the  column 
b  depressed  is  a  measure  of  this  pressure  which  is  oillcd  tbc  vapour 
prttatrt  of  the  liquiil.  When  an  excess  of  liquid  is  present,  so  that 
the  vapour  excits  its  nu.vimum  prvMure,  and  no  more  liquid  uill  vapo- 
rise  at  the  sivcn  tcmperiilute  into  the  space  under  consi<k-ralioiv,  the 
nqaxtr  is  said  to  be  mturaUit  When,  however,  a  given  space  coDtains 
some  vapour,  but  if  some  more  litiuid  were  intnxluceil  some  of  it  ifould 
Tapan<«  at  iIk  ifiven  icmpcratDre,  the  vapour  is  said  to  be  inttituntt^ti 
or  iwfif^A/aifii, 

The  yajwur  prcsuuc,  or    lension,  as  it  is  sonKlimes  called,  of  a 

"  depends  on  the  temperature  only.     In  the  <asc  of  oon-saiarated 

Boyle**  and  Cbarl»'s  laws  apply  appiuximaiely,  ilie  appcoxi- 
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tnniiiMi  hrint;  the  belter  ihc  further  the  vapour  b  fctnovcd  from  hs 
uiunttion-poini. 

SuppoK  lome  liqirid  ts  conutncd  wilhin  a  c>-lindcr  which  is  closed 
b/  a  frcrly  moving  pi«ton,  and  tbai  a  ptvMure  P  )icit  on  ibe  ouMittn  of 
ihia  piston.  If  ihc  lemppmtuit  of  llie  liquid  is  bcinw  lu  bo<lint;-poinl  al 
ihe  pmiure  P,  the  vapour  iciutuii  will  bo  l«is  ihan  V,  and  the  prcswrc 
of  the  vapour  on  the  intidc  of  ilw  piston  will  be  ICM  than  ihai  on  Ihe 
outside,  so  that  ihe  piEion  will  rest  on  ihe  atii£>i.-e  of  ilie  liqbid.  Ai  the 
icmperaiurc  of  the  ti<|iiid  is  raised,  ihc  Viipour  pressure  increaics  ;  when 
the  vapour  prosiirc  i^  equal  to  the  prcuurc  P  aciinK  on  the  outside  of 
the  piston,  this  latter  it  in  rquilibriiiili.  If  ihe  icinperaiUTe  riics  ever  so 
little  more,  the  vapour  prc^^ure  will  be  gteatf  r  ihan  P,  and  so  the  piston 
wilt  be  ilriveii  out,  anil  vApniii  will  be  formed 
ftcely  above  the  liquid.  Now,  exactly  tlw  tame 
ihin^  occurs  when  a  liijuid  is  healed  111  an  open 
vessel,  w  that,  when  vapour  is  formed  freely,  Ihe 
vapour  pressure  is  equal  to  the  pressure  of  the 
atmoftpher«  acting  on  the  surlHcc  of  the  liquid. 
Since  when  a  liquid  i-*  vaporiiing  freely  it  is  said 
to  boil,  u«  have  that  when  a  liijuid  boiU  ihc 
vapour  pressure  nt  that  leniperuiute  1*  eqiia!  lo 
the  C3lcrnal  pressure  to  which  ihe  liquid  is  »ub- 
Jeel.  while  at  tern  peialu  res  lie  low  ihij  boiling-point 
the  vapour  prewure  is  less  Ihan  the  external  prc»- 
sun:.  At  temperatures  above  the  boil  in  p- point, 
correspond inj;  lo  the  pressure  iicting.  ihe  liquid 
cnnnol  cxi;i.  ^nd  the  vapour  is  unsaturated. 

217.  Vapour  Density.— In  order  to  deter- 
ntine  to  what  extent  unsattirated  vapours  obey 
Hoylo's  and  Charles's  laws,  ilie  usual  method  is 
to  dotemiine  the  density,  iV.  the  volume  of  a 
gram  of  the  vapour,  at  different  pressures  and 
temperatures.  For  lemperattires  lower  than 
about  300',  the  mo»t  convenient  and  accurate 
method  for  niciturini;  ihe  density  of  a  vapour  ii 
one  due  orijiinallv  lo  Gny-I.us»ac,  but  modified 
by  Ilofmann.  A  lube  .^  (Fig,  169)  alxiut  80  cm. 
long,  and  hsvinj;  a  Iwre  of  atioul  1  cm.,  is  closed 
At  one  end  ami  f-iaduated,  the  volume  from  (he 
closed  end  up  to  e.ich  divinioii  having  been  delermincd  by  weighing  the 
mercury  which  filled  it  up  lo  the  division,  Tliis  tube  is  surrounded  by 
another  tube,  n,  lo  which  two  side-tubes  aw  attached.  The  tube  \  \\ 
filled  with  pure  dry  mercury,  and  then  invencH  in  a  dish  K  rontrtinin^ 
ntsrcuiy.     The  vapour  from    come   boiling    liquid,  coniiuncd  in  the 
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vcMcl  r,  is  tnirtxItKcd  at  C,  and  ctcapci  ai  D,  and  thus  heals  the  inner 
rube  to  MNDe  unifbrni  temperature.  Fnr  instonrr,  the  following  scrie* 
irf  li({iiid«  bnil  under  one  atmosphere  at  the  temperatures  Kiven,  and 
bcnce  would  heat  the  apparuius  to  lbi>  tcmperuiurc  if  tliey  were 
lucd  :~ 


1>«.C 

t>ee.G 

Carban  bisttliiludG   . 

.     46^3 

BtomobcDieDc 

.  is&i 

Ethyl  alcobol  . 

.     78.3 

Aniline 

■  ^H■^ 

Water 

.    lOOtO 

Methyl  saticyl.ite     . 

,  Z13.9 

Chlorohcniene. 

.  I3J.I 

TtrDmonaphthalinn   . 

-  177 

The  liquid  whose  vapoiir  n  10  be  <^xp«iiincnlcd  upitu  it  pinct'd  in  a  small 
jcUu  bottle,  which  is  !ilM>n-n  lull  siizc  ai  11,  ihc  dllTc[cnc«  \ii  nei^iht  of 
the  buttle  eniply  and  full  Jtinng  the  weij-lit  of  llit  liquid,  and  lienre  «l*o 
ihu  of  the  vapuur.  I'he  bottle  it  paised  up  llic  tube  a,  and  when  rt 
rcBche*  ihc  Tomcellian  ramuni  the  tinpper  it  diivcn  out,  and  the  con- 
tents, if  100  much  liquid  hat  not  been  taken, 
ait  cotupkicly  vaporised.  The  volunic  of  the 
rapour  is  read  oR*  on  the  lubei  and  ibe  pn-s- 
«are  tu  whkb  il  is  subjecied  b  obtained  by  sub- 
nanin^  the  height  of  the  column  of  meiciiTy 
(corrected  for  rhange  of  density  with  icinpeia' 
tare)  from  tltc  bnroinciric  hei^hi,  while  the 
Imperattire  is  obtained  by  means  of  ilie 
ibcraiomcter  t.  At  tenipenitures  above  about 
leci'  it  n  neccstaiy  to  take  account  uf  the 
Tspoiir  pnctnire  of  the  incrcur}-  in  the  tiibc, 
witich  ts  added  on  to  tbc  prctture  exerted  by 
tbe  irapour. 

A  cunvenieitl  melliod  of  rvtighly  measuring 
Ike  I'apour  density  of  a  body  whidi  at  atinok> 
pheric  pressure  does  imM  requin:  a  very  high 
tatiperaturc  to  tapurise,  ii  tliat  dcriicd  by 
X'ictor  Meyer.  Hh  apparatus  is  thoun  in  Fig. 
170V  and  coiuisis  Ol  a  glass  biilb  A  conaccted 
utastisitthi  stem  n,  about  TocriL  lonc.whkbis 
cltMcd  ai  the  top  by  a  cork  E,  and  has  a  side 
delit'cfyiiibe  c  attached.  I'bis  delivery-tube 
afan  beneath  the  end  of  a  Kraduaicd  class 
tobe  l^  which  is  filled  with  u-atct,  and  stands 
in  a  poesniMic  trough.  An  outer  tube  r  is  p.irtly  filled  with  a  lt<|uid  whkh 
taa  be  hevled  10  a  tmiperalUK-  abu^-?  llic  boihnifpoinl  of  ilic  sub>taiM« 
tfi  .  !      A  >rei«he<l  quantity  of  the  substaiKC  contained,  if  it  is  a 

It.,  .  .aiall  sto]^rcdi;!assbottk is  introduced.and  tbccoilcKrapiilly 
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rcpl.-iccd.  The  suliiliinci-  viiiioriie-i  williin  the  Ii«n>  A,  ;in<I  in  iloinjt  so 
drivo  unmc  of  jhc  ait  oul  irf  R  ihrimgh  c.  'Flic  volume  of  ihi»  air  will  be 
equal  to  ;htv  volume  of  ihe  vii|Kiur  if  il  n-rrc  ai  the  icnipcTamrc  mid 
pTCMure  of  the  ail  in  i>.  The  reason  it,  lh»i  although  the  vnpour  dtt- 
p)acea  a  vuluine  of  hot  air  fiom  a  equal  to  iis  own  volume  when  at  (he 
Icmpenture  of  the  liquid  in  i',  lliis  air,  being  driven  iolo  the  upper  and 
cnid  part  of  the  tube  B,  becomei  eooled,  and  contrails  according  to 
Chailet'*  bw.  Ilcncc  the  volume  of  air  aciually  eiipelled  from  ihe 
apparaiDf  h  equal  lo  ihc  volume  which  woulil  he.  occupied  by  ihc  hoi  aii 
displaced  by  ihc  vapour  if  it  were  cooled  down  lo  ihc  lempemtun;  of 
the  room.  The  volume  of  the  air  in  D  ha«  (o  l)c  n-duccd  lo  ftandaitl 
pressucc  and  temperature,  correciions  being  applied  for  the  vapoui 
picisuic  of  the  water  wiihin  n,  and  for  ihc  weight  of  ihe  column  of 
wnlrr  in  r>  ftl»ve  the  surface  of  the  water  in  ihc  pneumatic  trough. 
From  this  reduced  volume  of  the  vapour  and  the  mass  we  cau  then 
calculate  the  densily. 

For  high  temperatures,  a  method  due  lo  Uumiis  is  employed  A 
glait  globe,  ihc  capacity  of  which  is  about  half  a  hire,  and  having  a  neck 
drnwn  out  to  a  fine  point,  ix  taken,  and  about  30  gmms  of  ihe  substance 
is  inlrmluced.  The  (jlolic  is  then  iinmcned  in  a  hath  of  water,  oil,  or 
molten  metal,  at  a  temperature  above  the  boiling-point  of  Ihe  substance, 
the  end  of  the  neck  juit  projecting  above  the  surface.  The  l>ody  (solid 
or  liquid)  il  vapui  ised,  and  a  jet  of  vapour  ipuns  out  of  Ihe  neck  of  the 
globe,  rallying  with  it  the  air  contained  in  the  globe.  Directly  the 
whole  of  ihc  substance  hai  v.-iporiied,  the  ]«  of  vapour  escaping  ceases, 
and  the  globe  is  now  lull  of  vapour  at  atmospheric  prcssuie  and  at  the 
tcinperatote  of  the  baih.  The  end  of  ihc  neck  h  then  sealed  up  by 
mean*  of  ii  blow-pipe,  Wlien  ihe  globe  is  Col<l  it  is  weighed,  it  having 
been  weighed  prcviou-'ly  before  the  introduction  of  ihc  subsiancc  ;  the 
difference  in  weight  gives  the  wci^-hl  of  the  vapour,  less  ihe  weight  of  an 
equal  volume  of  .lir  which  has  been  driven  oui,  The  end  of  the  neck  is 
then  broken  off  below  ihc  surface  of  some  water,  and  since  the  vapour 
will  have  now  con<len'ied.  the  wstter  is  sucked  up  :uid  fills  the  globe. 
Another  weighing  gives  the  n-eighi  of  waier  contained  in  the  globe,  and 
bence  the  volume  ;  and,  knowing  ihe  density  of  air  ai  the  pressure  And 
tcmperaiuie  of  the  first  weighing,  the  densiiy  of  the  vapour  can  be  cal- 
culated. Kor  veiy  high  temperatuics,  Deville  and  Troosi  have  replaced 
the  glass  glolie  by  one  of  porcelain,  using  the  vapours  of  sulpliur,  c&d- 
mium  (815'},  and  line  {'130').  to  heat  the  glol>e. 

The  density  of  a  vapour  having  been  measured  ai  a  temperatture 
f,  well  above  the  boiling-point,  and  at  a  pressurr  /,  the  densiiy  it 
would  have  at  ihe  standard  icnipcrature  /„  and  pie\si)tc  /„,  supposing 
it  could  cxiit  as  a  perfect  gas  under  these  condrlions.  is  calculated 
by  means  of  Boyle'*  and  Charles's  laws.     Thus,  if  p  is  the  observed 
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nWM  of  the  ^s. 
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where  o"  0.00366, 

In  tbe  bllawing  tAble,  ilie  v«lun  of  the  density  of  some  gases  and 
vapoun  at  o*  C  and  under  a  pressure  uf  a  ilaniiurd  utmospberc  at«  giv'en, 
both  in  t^^.  unita  (granii  per  cubic  ccniinicirc)  and  ai>u  in  terms  uf  the 
dcnsiiy  ofhydrDjicn  taken  as  :  :— 


Deiuilj. 

MolcmW 

Wdclil 
in  termi  of 

Onuns  percc 

In  irnmi  o' 

Hydrufrcn  (H|} 
0:,ygen{a)    .        .        .        . 
Niliogcn  (N^>. 
Carbon  dioxide  (t^Op      . 
Carbon  monoxide  (CO)    . 
Ammonia  iNHj) 
Chloroform  (CHCy 
Nitric  oxide  (NO)   . 

0000089;$! 

aoo  141933 

aooi3;7 

aooi977 

oooisp 

0.000763 

0.005431 

0.001341 

3.0 
31.92 
38.1 
+4.6 
37.9 
17.0 
111.3 
49^9 

31.91 
38.01 

43.89 
=?-93 
17.01 
II9.0S 
39.96 

A  cniwideration  of  this  labk  will  sbow  that  the  deosiiy  is  proponlonal 
tn  the  nmlcciilnr  wcigbl,  so  llul,  wlten  (hey  ate  botli  measured  in  terms 
of  faydro^n,  the  dumber*  at  ({ivcn  in  th«  third  and  fourth  colutnat  are 
identical.  Since  the  moleculai  wcigbi  rq>rc«enis  ihc  wTiKhi  («p)  of  a 
molecuJe,  if  A'  is  (he  number  «f  molecule*  in  a  cubic  centimetre,  and  p 
tbe  density  in  ifianu  pet  cc,  vk  have 

Sv^Pt  or  y^pfiv, 

Bot.  ■»  sboim  in  the  above  table,  p'v  n  constant  for  all  gases  :  hence  A', 
or  the  number  of  molecules  contained  in  unit  s-olumc  of  nil  Rases  under 
the  same  conditioot  of  preuure  nntl  lempemlure,  is  the  same.  1'he 
above  is  Avoitadm's  law,  nnd  is  of  extreme  utility  in  chemistry  (oe  de- 
tctmtntBK  >lw  molecular  weight  of  bodice  wVirh  can  be  obtained  in  the 
bfm  of  a  gas  (/./-  vapmirs  and  i-asesV 

Tbe  calues  oT  tlie  mnlecuUr  waights  as  deduced  from  the  vapour 
denihy  in  tbe  case  of  sotne  bodice  dn  tint,  at  any  mle  at  some  tem- 
perature*, aicTee  with  the  vahiet  deduced  from  the  cfiemical  behaviour 
of  the  body. 

In  the  foDowtag  table  aie  given  the  values  of  iIm  density  (in  tctms 
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of  H»a>  obtained  at  varioui  icmprnilum  for  Ih-e  of  these  uvomakuu 
bodi«»: — 


'fempentura, 

DentUy, 

UolMiitof  Wdcht. 

n*.c: 

H^o. 

H  =  a. 

Nitrogen  tctroxidc 

39 

85^ 

X,0,=9i.9 

11 

[OO 

49-4 

n'o,=  46« 

1* 

"« 

4dj 

Pnofpnonis  pen-  \ 
lacTiloride    .    j 

IS: 

18&7 

PCI,-»07.7 

sjo 

IIS.3 

((Denri(yo*PC\ 
\     +  CI,- 104) 

" 

>» 

ioS-4 

Iodine     .... 

448 

3  $1.4 

It-»SJ 

•• 

9*0 

3iO>9 

(Dcnwiyofl  +  l 
=  ia<..S) 

H 

1470 

146.1 

Acctk  ncid.     .    . 

MO 

9*1 

C,H,0,-S9.S6 

1* 

300 

64.1 

^ 

y» 

60.1 

Sulphur  .... 

STO 

■9t.3 

S,-6»<36 

■i 

660 

84.6 

» 

IQ40 

64.7 

•1 

I400(*beii0 

63.5 

In  the  caw  of  nUrogcn  letroxide,  ihc  vapour  densily,  at  a  l«mpen 
ture  of  13s',  currcsponds  lo  the  iiioieculc  NO,  At  lower  teinpciaturc* 
the  density  correiponds  ihore  nearly  to  the  molecule  NiO,.  Thus  it 
would  scpin  that,  a*  the  tcmpenitmc  ii  raised,  each  molecule  of  N,0, 
splits  up  into  two  molecules  of  N  O^  Thr  \'.i[i)cs  ohtainei)  for  ihe  X'apour 
lletl^iIy  of  pliosplionis  pcntachloridc  in  the  same  "ay  show  thai,  e\'eii  al 
182°,  some  of  Ihe  molcLuk's  of  PCtj  have  split  up  into  a  molecule  of  ['CI, 
and  a  molecule  of  Cl^,  while  at  a  temperature  of  300'  this  di^ociation 
is  almost  complete.  Al  n  lempcraiuic  of  44!!'  ihc  iodine  molecule  con- 
sists of  two  alom»,  while  at  a  tcmpeiature  of  1470' e^cl)  of  these  mokculcs 
lia&  split  up  into  two  molecules.  In  ilic  case  of  acetic  acid  and  sulphui 
at  low  tempenitum,  wc  hai*  the  opposite  phenomenon  10  dissociation 
taking  place,  namely,  the  aMOcialion  of  the  molecules  to  form  complete 
molecules.  Thus  »i  a  leinpcratuie  of  $20"  the  molecule  of  stilphiir 
appears  to  be  ^^  Al  hiyh  temperatures  these  associated  molcculf^ 
break  down,  and  we  r«  the  normal  vapour  denaily. 

216.  The  measurement  of  Vapour  Pressure.— The  dctemiina- 
lion  of  the  maximum  vapour  pressure  which  j,  liquid  pusscsscs  al  a  jjit'en 
lempetaiurv,  or  ihe  vapour  pressure  of  the  saiiir.iicd  vapour.  <i»n  be 
performed  for  ordinary  icmpemiures  by  nican;  of  Hofmann's  apparatu) 
for  vapour  density  (Fig.  T69).  In  this  case  lir]uid  is  introduced  into  the 
tube  till  it  ceases  lo  cvapur«ie.  and  a  ihin  lavcr  stoats  on  the  top  of  the 
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mercury  oohimn,  anil  the  pressure  b  otKnincd  by  measuring'  the  beij^i 

of  ihe  merciUT  column  and  the  bnmmciric  height.    The  height  of  the 

mercaiy  cohunn   hai   to  be   rrdiioed    lo  what    it 

would  be  if  ihr  temperature  of  the  mercury  were  o', 

Mid  at   lempcraiuref   above  too*  n  correction  has 

lo  be  applied  for  lb«  vapour  pn^isure  oif  invrtury. 

The  chief  objection  to  thi<iin»tii>d  is  that  the  layer 

of  Kqtiid  on  (he  top  of  the  ineicury  column  alters  the 

rapinar)'  conuant  of  the  mercury  and  gUs«  surface, 

and  neccssitntcs  a  correction  of  doubtful  amount. 

For  low  tetnperntures  Gay  -  I.u&snc  used  the 
smn^niKni  shown  in  Fig.  171.  The  liquid  was 
introduced  into  the  tube  dck,  which  is  an  ordinary 
baromFier  tube  with  the  end  il  bent  miiii<l,  so  that 
it  can  be  immersed  in  a  freeiinj;  mixture.  Tbc  othtr 
tube,  AB,  acts  as  a  bfiroinetcr  for  in^asurin};  llic 
aimotpheric  presitire.  Under  these  circumstances 
the  vapour  pressure  in  the  upper  part  of  ncE  corre- 
spondf  to  the  maiiimuin  vapcnir  prr&sure  at  the 
Icinpcrature  of  the  coldest  part,  /.•■.  K  That  this 
man  be  is  ei ident,  if  *c  consider  two  bulbs,  A  and  b(Ki(".  17:),  ix>nnecied 
by  a  lube  c,  the  one  buib.  A.  being  at  a  Icrnperature  /,,  and  ihc  otltcr  al  a 
lower  temperature  1^  Supjiov;  we  start  with 
snme  liquid  in  both  bulbs,  then  the  vapour 
pressure  of  the  liquid  in  A  will  be/,,  say,  and 
thai  in  B  />•,  where  /,  >  /^  If  then  we  con- 
sider a  |uiion  placed  in  r,  ihr  pressure  on 
the  left  would  be  grealer  than  that  on  ihe 
light,  and  the  piston  would  be  driven  over  towards  B,  thus  iacreaiiRg  tbc 
pressure  of  the  tapour  in  K,  and  iherefonr  causing  soiiie  of  the  vapour  to 
coadensc,  (or  B  ii  atieady  M\  of  vapour  saturnicd  at  /^  Tlie  pte»sore  in 
A  would  at  Ihe  same  liti>e  be  reduced,  and  hence  the  vapour  woititd  no 
lonxcr  be  saturated,  and  some  of  the  liquid  >x>u1<l  be  vapuriiied.  This 
action  goes  on  allliouKh  the  jiislon  we  have  iina(-ine<l  does  not  exist,  and 
wtll  continue  till  all  the  liquid  in  a,  the  bulb  at  the  higher  tmipcralurc, 
hat  been  craporated,  u'hcn  the  vapour  prrssurr  throughout  hecontoi/^ 
it.  L-orresponds  lo  the  lemperalurc  of  lite  i-oMrsl  p:irl  of  the  encloiure. 
TTie  vapcnir  in  A  is  then  no  kwiyer  laluiaicd.  while  in  n  It  is  saturated. 
In  Cay-Lussac's  npfKiraius,  thetefi<n-,  the  vapour  presmre,  At  measured 
by  the  diflerrncc  in  height  of  the  mercury  in  roltiinnt  Alt  aim)  cr>,  corre- 
(fionds  to  tl»e  lentperaiurc  of  the  bath  v.  There  ii  a  further  advantage, 
in  Ibal  there  is  no  liquid  to  affect  the  cnpilLarity  oi  the  mcrrury  in 
Ihe  tube  m. 

For  prrs.tutes  j^nier  than  atmospheric  pressure,  Regnault  d«ti|tned 
ftirm  nf  apparatut  in  which  the  vapour  itwif  kept   the  temperature 
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coiutanl  white  nn  experiment  va»  Wmg  nade,  *nd  wlikh  could  also  be 
used  fi>r  presiure^  leu  itun  an  uimosphcre.  I'he  liquid  isonctmed  in  an 
aiT-li>;l>I  iiicinl  vcuct  A  (Fig.  173),  from  which  iin  inclined  tube  1(N>d«  10  a 
coftper  glolic  it.  This  globe  ii  Mirroundrd  1>y  n  water  haih  tn  Icecp  lis 
tein[)er»iur«  consunt.  and  can  be  cnnnccieil  t>y  means  i>f  a  ihrce-u-uy 
cock,  T,  to  a  cuKipicisioK  or  exliau^iin);  pump,  and  10  a  n^ercur}'  mano- 
meter.  Tlie  liquid  in  A  'a  boiled,  and  the  raprnir  paste*  up  into  the 
inclined  tube,  where  it  it  condensed  by  a  stream  of  cold  water  which 
pastcf  ihraugh  ihe  <x>ndmscT  C,  and  then  flows  bark  inio  the  boiler  A. 
The  icmperaiiifc  of  the  v.t|Kiur  over  the  boiliiift  lit|uld  t»  given  by  ioor 
iheriiion^cien  t,  which  are  |>lii<«d  in  four  iron  lubulari,  which  arc  closed 
at  the  bottom,  and  contain  inertury,  Sini:e  a  liquid  boiU  when  it*  lem- 
peraluTC  b  sucl>  Ih.1l  the  maximum  vapour  pressure  i*  cijual  To  ibc 


piessufC  10  which  it  is  Eubjected,  the  mnnomeiei  gites  the  vapotir 
prcssurv  corrc«poi>ding  10  ibc  Icmpcntiure  ai  given  hy  the  Ihermo- 
meters  T.  The  pressure  in  Ihe  |;lobc  having  been  adjusted  10  the  rex|uired 
value,  either  gitsiter  or  Ie«  than  tlic  almusphei-ic  pressure,  and  tlie  flask 
healed,  boiling  sotin  sunt,  and  in  a  very  short  lime  the  teiiipei-ature 
becomes  absolutely  contiant.  and  remains  so  as  long  as  n  required. 
The  manomelcr  and  the  ihcnnoini-tets  T  having;  been  read,  ihe  preMUrt 
is  altered  by  meant  of  the  pump,  and  when  ebullition  lia«  conitnued  for  a 
few  minuicn,  the  readings  (or  the  new  pressure  are  laki-n,  and  so  on.  In 
this  arrangement,  when  the  steady  stale  ha*  been  reached,  ibe  heat 
supplied  by  ihe  burner  is  employed  in  supplying  the  Inieni  heal  of 
vaporiHiion  of  the  liquid.  The  vapour  then  passes  lo  llic  loiidenser, 
where  it  pans  with  its  lalcnl  beat  and  again  becomes  liquid,  and  returns 
lo  the  vessel  A.  running  down  the  inclined  lube.  The  pressure  does  not 
rise,  since  as  mucli  vapnur  is  tomiensed  during  cjitli  second  as  is  pro- 
duced.    If  the  supply  of  heal  is  increased,  the  rate  at  which  the  vapour 
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is  pcodnced  i*  al»o  iticrcawd,  und  the  only  HTcct  of  tills  is  that  the 
rapour  \%  nUc  lo  pass  a  liitlc  fkinhcr  up  tli«  condcitiicr  before  ji  ii  all 
cotMleflscd :  bui  siiK:G  the  condenser  i&  ulwayt  niadc  so  lon^'  thai  the 
vapour  never  reachet  ihe  funher  rati,  no  vjipour  pmses  over  to  ihc 
globe  a  llms  the  rale  at  whkb  the  vapour  Is  condensed  is  increased, 
and  mnaini  equni  to  the  rate  at  which  it  is  vn{K>rised,  ta  that  the 
pitMure  doc»  iwt  aUcr. 

The  rollowing  t.iWc  sivn*  the  maximum  vapour  pressure  of  four 
liquWlt  at  diflercnt  tcmpcraturef  : — 

Vapour  pRKssuKfi  in  cm.  or  Mercvxy. 
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tn  Fig.  174.  the  curve  sbowini'  the  coiincction  between  the  vapour 
pnttorc  of  water  and  the  temperature  hai  been  plotted.  Tbit  curve 
divides  the  diaunun  Into  iwn  rrgion*,  in  one  nf  which  ibr  moditioiu  are 
MCh  that  t)w  water  can  only  exivt  M  an  unMUuraicd  vnpour,  and  in  the 
Mber  only  a«  a  IWguid,  *'hile  alotiK  the  rurre  we  may  have  Ihe  liquid  and 
vapour  existing  Mimthaneotoly,  r>.  the  vapour  is  uturated.  Fur  suppoM 
•T  had  loine  water  encluwd  in  ll>e  Turrkellian  i-aoium  of  a  Inrometer 
lube,  the  prrssurc  being  20  cm.  of  mercury  and  the  icmpetatute  8o'. 
The  coaditions  are  rcpiescntHl  by  the  point  A  on  the  diaffiam.  From 
the  curve  we  see  thai  the  maximum  i-apour  pressure  coiretponding  to 
■  temprrature  of  80'  is  ];.;  cm.,  so  that  the  vapour  is  unsalUTaied.  If 
now  the  {ircssiire  on  the  rapour  ii  increased,  the  tcmpeiaiiire  teroaioiDK 
mmtaBt,  ilie  coodilion*  the  t-apour  paues  through  arc  represented  by 
the  vertical  tine  All.  \\1>cn  the  point  li  on  the  cur\-e  is  reaclwil,  the 
pieuDre  it  eqoal  in  the  innximim  vapour  pressure,  and  if  the  pmsure  b 
incnMcd  beyond  thb  poim  the  vapour  will  condease  into  a  tiqdd     In 


the  istmt  my  iC  stnrlini;  from  A,  we  k««p  ibe  preuare  conmnt,  reducing 
(he  temperature,  the  chiinget  ate  indicated  by  the  stmigbt  line  AC 
When  [be  poiot  C  b  reacbeti,  i.e,  the  temperature  ftdb  to  66',  Ibe  vapour 
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will  be  saliiratcd  Any  Tunbcr  rnlt  of  lemperatare  will  be  accomjMnied 
bj'  the  too  litn  Silt  ion  of  the  v.ipoiir  into  a  liquid.  Hence,  cortc«pondin;j 
to  all  poiiili  on  tlie  <li.-iinum  \a  ihc  rigbl  nnil  lielaw  the  cui^c  we  havQ 
t'lipour,  and  to  ihoie  on  ilie  left  and  above  we  have  liquid, 

210.  Hlxtures  of  Vapours  and  Oases.— In  the  pre\ious  section* 
we  have  considered  the  forniiition  of  vapour  in  n  iipace  which  w;i»  free 
from  Rill,  wc  have  now  lo  cuniiilcr  ihc  formation  of  »a|)our  uhcn  ihe 
ipace  over  the  liquid  already  contains  a  gat  »iich  as  air.  Dallon,  who 
6r5t  investigated  ihit  qiieilion.  found  thai  If  some  liquid  is  introduced 
into  nn  enclosure  which  contained  a  j;as  at  a  pressure  //,  then  the  pres- 
sure in  Ihe  enclosure  ri»c«,  and  if  the  wivolc  of  the  liquid  doc*  not 
evaporate.  I'.t.  if  there  i«  enough  liqui<l  10  SAluralc  tlie  space,  ihc  final 
preisuic  //+i  is  sinrh  that  i  rcprtsents  iht-  rnaximurn  vapour  pifMun 
of  Ihe  liquid  al  the  temperature  of  the  experiment.  Ilenrc,  as  far  a&  the 
vapour  is  concerned,  a  space  filled  with  a  ga-^  behaves  b»  a  vacuum,  the 
only  differentc  being  thai  in  a  vacuum  the  space  becomes  vJtuRtteil 
nlmosi  limited  lately  after  the  iniroduciion  of  the  liquid,  while  when  a  gas 
i»  present  the  cvaporaiion  of  ihc  liquid  is  much  slower,  and  hence  it 
takct  some  time  to  saiuiate  the  apace.  From  the  reou'tt  of  his  expcri- 
menu  Dalton  enunciated  the  in-o  following  laws,  which  are  known  hy  hi» 
nanic:    (l)The  pressure  cxcTlcd  by,  and  the  quantity  of,  a  vapoitr  which 
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saturalM  A  pven  ipacc  are  the  Mme  for  the  sarnr.  lempcniiurc,  whether 
ihb  space  i»  Slkd  by  n  (fas  or  is  a  vacuum.  (2}  The  prcwurc  cxeried 
by  11  mixture  oi  a  gas  and  a  vapour,  of  two  vapours  or  of  two  gases,  U 
equal  10  the  &um  of  t)ie  pressures  which  ea^ili  would  cxen  if  it  occupied 
ihc  same  space  alone. 

In  order  10  verify  the  acoiracy  of  Dalton'i  law»,  (^ay-LusMC  used  the 
apparatus  shown  in  Fij;.  175.  The  gUiss  itibe  A  is  closed 
above  hy  a  special  form  of  tap  c,  in  which  the  barrel,  instead 
of  betHK  pierced  compkicly,  hasonly  a  tmall  recess  mode  at 
oDcpoJnt.  The  W-er  end  of  A  is  connected  10  a  side-tube  x^. 
whiih  acti  ai  a  niano«nclcr,  and  has  a  tap  !>  by  whicli 
mcrrurj'  can  be  «-ithdran-n.  When  the  sioptcick  C  is 
luincd  with  the  t*ecss  upwards,  this  becomes  filled  with 
any  liquid  placed  in  E,  and  when  the  stopcock  is  turned 
nxiad  through  180'  tlic  liquid  filling  the  recess  i*  dis- 
charged into  A.  I'be  position  of  the  mercury  in  the  i«'o 
BmtM  is  noted  before  the  introduction  of  ilie  liquid,  then 
enough  liquid  is  introduced  to  saturate  the  s])ace,  and 
BWTCUiy  poured  into  11  till  ihc  level  of  tlic  mercury  sur^cc 
in  A  cac5e«  back  lo  its  orisinal  position,  so  that  ihc  %*s 
Mm  occupies  the  same  volume  it  did  before  ilic  iniio- 
iluction  of  the  liquid.  Tlie  difTetcnce  in  the  levels  of  the 
mcnury  in  B  before  and  after  ihe  introduction  of  the 
Si|akl  givci  the  pFCUurc  exerted  by  the  vapour,  and  this 
pmrnrc  will  be  foumi  to  be  equal  (»  that  exerted  by  some 
«f  the  same  liquid  when  introduced  into  a  Torricellian  vacuum  at  the 
same  tempera  luic. 

It  would  seem  J  priori  Out  Dalion's  law  can  only  be  an  approxi- 
mation, for  otherwise  it  would  mean  that,  b>-  introducing  a  sulbciently 
btige  mrmj/r  of  different  kindt  of  liquids  into  the  same  space,  we  could 
produce  as  great  a  pressure  as  we  pjease,  a  result  that  is  unlikely  to  be 
tiuc.  Rcgnaull,  who  investigated  the  prcMurcs  of  mixtures  of  gases  and 
npotira,  found  ilut  in  the  case  of  vapour*  fom>cd  in  air  and  in  nitrogen, 
tbe  two  gues  he  tested,  the  vapour  pressure  w;ts  very  slightly  less  than 
in  a  TtkCimn.  1lie  difTciences  however,  were  so  small  ilut  he  con- 
Mlcfcd  ihcy  might  be  due  to  the  cundensiilioii  which  always  takes  pbcc 
on  the  glaes  walls  of  the  apparatus,  ■»■>  that  Daltun's  laws  nuy  be  trvie  in 
the  nsvo  of  mixinres  of  gascii  and  vapours.  In  the  case  of  mixtures  of 
two  vajiours,  Magnus,  and  subsequently  Regnaull,  found  thai  the  prrs- 
sine  til  ilic  vapour  of  a  mixture  of  two  or  more  liquids  which  do  not 
■iBDBUy  dissolve  one  another  is  equal  to  iIk  sum  of  the  pressures  they 
«aidd  earb  exert  separately,  but  that  when  the  liquids  disM>lve  the 
TSpoar  presRue  nf  Uie  solutioa  is  less  than  the  sum  of  the  vapour 
pmsurw  vi  tbc  consiiiuenis- 

Expenswnts  by  AiMirews  show  that,  in  the  caM  of  a  mixture  of  two 
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g^uaea,  Dallon's  law  only  holds  iflheifaies  are  brrttnovrd  from  their  poini 
of  tit^ucfikclion,  i.e.  axv  practlMlly  in  (tie  cnncUlioo  of  pcrfc*:!  jf-uc". 

Since  .111  unaaiumtcH  tapniir  olicyi  Uayle's  And  Churki'i  Invn,  »t  ntiy 
rate  when  it  is  nol  too  nCAi  in  sntiiraiiitn  puiat,  wc  hnve  i(/,  i-  urc  ihe  (ircs- 
f-ureand  i-olumc  of  n  ccnain  iniu%  of  iin  u maturated  vapour  al  a  lemperu- 
lure  /,  and/*,  v'arclbe  rorrespondtngquttntiiicsaia  icinpeialurc  /,  then 

I+li/'l+U/" 

Yflien;  a  is  1 1173  or  .O036& 

This  cipicstion  Hin  only  be  used  50  lonR  th^t  /'  ik  1ck«  ihnn  ihe 
maximum  vapour  pressure  ironcspoiKlini;  to  &e  Icmpeialure  /'.  If  the 
value  of/"  cakiiliiipci  by  iliis  formula  cohmts  out  jjiciitcr  than  iht  iiiaiititium 
vapourprcMurcfor  aitnipcriiiure  /,  iJiisindiuiicsiliiit  soiucof  Iht  vapour 
ha*  condeuicd  inio  tlic  li<|uid  state. 

II  V.V  luve  a  mixiure  of  nn  uiiuiiiraicd  vapoiir  and  a  pts,  bolh  ob^ 
Boj'le's  iwid  Charles'*  laws  so  long  as  the  vapour  doea  not  beronip  Kituraica. 

Let  P  be  the  prsssiint  and  V  ihc  volonicof  a  ctrtniii  mixiutc  of  gas  nnd 
vapour  aiairinpriniure^,  ihcprcMiirc  exerted  by  ihc  vapour  alom--beinjt^ 
thecorr(tj.[ioiiilinj('iii-inlilipsnt  atempcraiurc/'licinii  /'.  -.'.and/'.  'Hien 
the  pressure  cur.rtcdhy  tlicgasd/fwtcat/,  is  /•-/',  and  that  cuerledal  f'  a 
f  -f.    Kcnceapplyi(igl(i>j-le'saiidCharlc*'sl;iuiioihe>;a6oiily  we  t;et 
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Hence 
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r=p'-l 
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If  the  value  thus  obtained  for/'  is  greater  than  the  maximum  rapour 
prcssure  for  the  tempcrniurc  /',  this  inilicates,  a^  before,  thai  some  of  the 
vapour  has  con<icn*fd.  This  rqiwiioii  is  of  tonsidctablf  use  in  solving 
questions  on  mixiurr»  of  viipmirs  aitil  >;.>ses. 

220.  Humidity  of  the  Atmosphere— Hygrometrio  State— The 
iitmoipliett  consists  of  a  mJMltirt  of  ovygen  and  niirogen  in  a  prjciimlly 
tonMant  ratio,  toyetlier  wich  &uiiit  snial)  (juantilies  of  oihtr  t;a=ci,  and 
with  a  very  variable  amoLmt  f.f  aqueous  vapour.  The  maxiinum  quantity 
uf  aqueous  vapour  ivhirh  .i  given  xoluuic  of  air  can  contain  is,  of  course, 
c(|ual  to  the  mass  of  vapour  this  volume  would  contain  when  filled  with 
saturated  water  vapour  at  ihc  gi»Tn  tcmpeiaturc.  Ordinarily,  however, 
the  air  contains  less  aqueous  vapour  than  wouM  saturate  it,  and  the  ratiu 
of  the  pressure  {/)  exerted  by  the  aoucous  vapijur  actually  piesent  to 
the  niaximiim  vapour  pressure  (/■")  at  trie  actual  tempcraluie  is  railed  the 
humidity,  relative  humidity,  at  friiitson  of  saturatii>n  of  the  air.  Our 
sensations  as  10  ihc  drynrss  or  d,iiiipne«s  of  the  air  depend  on  the  nl>ove 
ratio,  and  not  on  the  actual  quantity  of  vapour  present  in  the  air.  Tims 
on  a  cold  winter's  day,  when  the  air  is  Mturaleil  at  a  temperature  of  say 
5*,  the  air  feds  very  damp,  while  if  the  lemperatunf?  had  been  1 ;"  the 
tame  auamity  of  moisture  would  not  nearly  satuiatc  the  air  (the  humidity 
would  tie  .6;;  1.17=0.;  I  ;  sec  t.iblc  of  vapour  tension  of  water,  p.  359),  and 
it  would  feel  comparatively  dry. 

The  humidity  {fiF)  may  aUo  be  exprcaiied  as  the  ratio  qi  the  weight 
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fc)  of  vnpoiir  iictuall)'  prrsrat*  in  a  Kiven  volume  of  air  lu  ihe  wci|;ht 
W)  which  «i>uld  sntiime  the  5aiiie  volume  of  air  ai  Ihc  (jivcn  icinpcni- 
turc.  Since  unuiurali^d  vajxiurs  obey  Uoylc's  law,  ihe  weight  of  ihc 
vapour  in  a  K'vcn  volume  U  pii>portional  lo  the  prc&turv  exerted  b)-  the 
vi^ur.     HcDCB 

W    F 

If  air  cootnininK  aqueous  vnpour  is  coolrd,  3.  Irmpernliirc  v\\\  cvcntu* 
ally  be  reached  such  that  the  i-apoiir  satiimc-t  the  ipace,  and  any  fuiihcr 
cooling  «fiil  catiM  (.-ondeiiKilioii  of  some  of  the  vapour  into  water.  This 
temperature  ii  thai  at  which  the  air  «-oiiId  be  aaiumtcd  {i.t.  have  a 
humidity  i)  if  it  coniainrd  the  same  (iiumtiiy  ofn'stcr  that  il  has  at  ihc 
oriKina)  Icmprriiliitc,  and  is  rnlkd  the  ilfw-fiin'nf. 

If/,  is  Ibc  nciual  Icrapentturc  of  the  nir  and  tg  the  dtw-point,  then, 
from  a  table  giviiii;  the  qimniily  of  vntcr  vnpour  in  unit  volume  of 
uturated  air  at  the  dtffeii'nt  lernpcraiurci,  wc  an  obtain  IV.  t]ic  weif-hl 
of  water  in  unit  volume  saluMled  at  /,,  and  a'  thai  in  unit  volume 
iulur:ited  at  t„  But  w  \i  the  wpivbt  of  water  actually  present  in  the  air. 
since  we  have  supposed  it  cooled  dovn  to  the  dew-point  without  loss  or 
gainiif  motsitiir.  licnrelhehy^irotucliicsl.-ue  ii',  (J 'can  he  obtained  from 
aknowleditcorthc  dew-jMiint,  and  of  lln- actual  temperature  of  the  air. 

The  duKram  given  in  Fig.  174  »ill  assist  in  mnkiojj  this  rle.ir. 
Suppose  (.ilthougli,  of  course,  ^nch  a  high  icmperaltire  would  not  occur 
in  the  open  air)  that  the  lempemliire  of  th«  nir  and  the  vapour  preuure 
of  the  water  pcescnl  are  repietenteil  by  the  point  X,  to  that  at  a 
temperature  of  80'  the  vapour  presiiurc  i»  equ;il  to  lo  cm.  of  inercurjr. 
The  inaximmn  vapour  prrssurv  corresponding'  >o  a  temperature  of  80'  is 
35,5  cm.  of  mercury.  Hence  the  by^-ronielrit:  stale  corresooiidinj;  to  the 
point  A  is  :o'3).;.  Now,  If  the  air  ti  cooled  down,  wc  shall  travel  along 
iheline  ACbui  when  tlic  pi>im  c  ii  reached,  th.^t  is  at  a  temperature  of66, 
the  ajrwill  be  niuratcd.  and  the  deposition  of  drw  wilt  commence  The 
tempemture  correspond  intf  to  the  point  c  will  ihcrelbrc  be  lb«  dew- 
point  If,  then,  by  expcrinirnt  we  determine  the  temper;itur«  of  tliC 
■lew-point,  wc  can,  from  sui  h  a  curve,  or  from  a  table  of  the  vapour 
pleasure  of  water.  detcnniTie  what  is  ilie  iiuAiniuni  vapour  pressure  at 
tbt  dcw-poini,  and  this  is  ilie  actual  vapour  pre^iuic  ptesenl.  AKmi  hj 
olMcrvingihc  temperature  of  tli«  air,  wcctn  in  ilic  same  way  obtain  v'bat 
would  be  the  m^mintum  vnpour  pressure  at  this  temperature,  and  the 
latta  of  tliese  two  niimbrrs  is  the  hygmmetiic  state. 

SSI.  HyfTIH)  me  try.— Hygrometers  arc  in«tniinenl»  for  men.suring  the 
InrgriMnetnc  vuie  of  the  air,  and  may  be  divi<ied  two  three  claiiea  : 
(1)  Those  in  wlnth  (he  dew-point  ii  dctennined.  colled  dew- point -hvgro- 
meters  ;  (»)  those  in  which  the  actual  nticlil  of  nioislurc  cuntainco  in  a 
m^Miied  volume  of  air  is  dele  1  mined,  called  cliemkal  hygrotneiers ;  atnl 
(j)  wet  ami  dry  bulb  hygrometers. 

The  most  commonly  used  formof  dew-point  hygrometer  is  thatdevised 
by  RegnaulL  Tbis  iohlnimeni  mnsisis  of  tnx>  gl.ist  tubes  r.  and  li  (Fiif. 
ITAI,  the  lower  ends  of  which  arc  closed  by  ihin  silver  lliimbles.  They 
arti  rstch  cloxtl  at  the  top  by  a  cork,  which  supports  a  delicate  theimor 

■  Tlie  maa  irf  aqueoMS  ntpour  pnMiil  ta  a  cubic  melic  «f  air  b«ft*atollMlibft  1 
ImoridMy  of  ibe  ak. 
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meter  (T  anJ  /).  TIhwiikIi  llie  coik  in  n  n  rJm*  Wbc  A  also  piiisca,  iIk 
end  re.iching  nearly  lo  ilic  b<«ioin  of  the  ihiinbk.  The  tube  ai>  it  con- 
nected byineaniiof  the  lubulure,  which  fixetii  to  the  »ibihI,  and  an  India- 

nibbrr  tuIie  with  nn 
ninirator  c  Some 
eiW  ii  pUc«d  in  ihi^ 
thinibin,  and  lifter  the 
inKtruincnt  li^s  luid 
lime  to  fWKh  the 
t  dnpr  rat  utc  of  tlw  ai  r, 
tlic  ln-(>  tliermomclem 
are  read,  girinji  tlic 
lempenttuic  of  ilie 
air,  C,.  Tilt  attuiraiDT 
\%  now  st^irti'd,  xttd 
draw*  air  ihrouj-h  the 
tube  A  into  the  iniiiu- 
mcnl.  This  air  biib- 
bliii};  through  the 
«ihcr  causes  cvapora> 
lion,  which  cooh  ibe 
el  her  and  thimble, 
which  in  turn  cools 
iliL-.iir  in  iu  immediate 
vicinily.  When  n  film 
of  dciv  it  depnsilcd  on 
ihf  tliiiiible  I),  indicac- 
inj;  tliiitilic dew-point 
\\A%  been  tciii-hcJ,  the 
ictpiraior  is  Mopped, 
and  the.  lemprrBluto 
of  the  ihcrmometer  T  redd.  It  i«  AKain  rt^ad  when  the  dew  ditappcin  from 
the  thimble,  and  the  mean  of  Ihne  twn  rcadinjEt  Sives  the  dew-point  /^ 

I  n  ihc  cliemidl  liyRtomeicr  j>  known  volume  of  air  u  driiwn.  Dy  incnns 
of  iin  iispiralor,  through  a  seriei  of  tul>ei  cuniainin);  ^u^)slance»,  such  as 
aiiliydrouik  cukium  thWide  or  phospliuruus  peiiiuxide.  which  rCiUtily 
absorb  iiinislvire.  From  the  diffeniicc  in  the  weight  of  these  lubes  befot« 
and  after  ihe  pnsS'i^>o  of  the  air  and  iIh'  vohmie  whieh  has  p>»ed,  the 
abioluic  liyjjromeiric  stale  of  the  air  («■)  can  be  obtained,  and  W  can  be 
got  from  tablet,  if  the  icmncralurc  of  the  ait  i*  lakcn. 

The  wet  an<l  dry  bulb  hygrometer  tlepcniU  f<ir  its  action  on  the  fact 
that  ihe  dner  ihc  air  is,  ibc  m«rc  rapid  will  bu  the  evaporation  from  a  wet 
body  exposed  to  the  air.  Since  cvapotalion  irquiics  the  supply  of  heal 
{latent  lie.il  of  evaporation),  it  follows  Ibat  the  extent  to  which  .1  wet  body 
is  cooled  lij-  evaporation  will  depend  on  ihc  hygromeiric  stale  of  the  Mir- 
Tounding  air.  Two  similar  therinomcicrj  ate  fixed  on  a  stand,  ilic  bulb 
ofonsofthem  being  covered  with  tnuilin  kept  moist  by  means  of  a  piece 
of  Inmp-wick  which  dips  iif  a  ve^el  of  water.  Unless  the  aii  is  iiaiuiaied, 
evaporation  will  t.ikc  place  from  the  muslin,  and  hence  the  wet  btilb  iher- 
momcter  will  indicate  a  lower  temperature  than  the  other,  the  difference 
IjcinR  greater  the  greater  the  evapornlion,  ihat  is,  the  drier  the  air.  Ily 
comparinif  the  reading!  of  the  wet  anil  dry  bulb  thermometers  with  the 
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huiiudity,  as  o1>tnin«d  by  olbcr  hyfcromcien,  a  tabic  bo*  been  drawn  up, 
by  me«ns  <rf  whicli,  hdn  the  reading  of  ihe  A.ty  bulb  thcnnomi-ter,  and 
(be  difference  between  the  dry  and  wel  bulb  theiiiKiinelcrs,  llie  dew-point 
can  be  obutined.  TlveindicitionKifthisttisitument  arc,  however,  cion^'iilcr- 
ably  inDuenced  by  its  environment,  aU"  by  the  artion  ofdrauKhts  Ar. 

2£2*.  EtFeet  of  the  Curvature  of  the  Sur^ce  on  the  Vapour 
Pressure. —The  fo mi  ofllip  mifjcc  separating  a  linuid  from  il»  laliiniied 
vapour  hat  an  iiirtucncc  on  the  vapour  prcuure,  uhidi  Lord  Kelvin  wai  llic 
fim  to  pmni  nut,  and  whkh  bai  important  appliutions  in  cipl.-uning  the 
condetiMtion  of  vapour  into  liyuid  in  sutli  iiaiesii!!  occur  in  doudi. 

Sappu»e  we  luivc  some  lititiid,  »ich  as  water,  rnniaincd  within  a 
vesMrl  C  (Kig.  177).  from  »birh  all  air  has  been  cxhauMed,  so  that  wc 
have  only  to  do  wiili  the  liquid  below  and  it« 
vapour  above-  Further,  let  a  fine  capi1lat>- 
inbe  Alt  of  radiiH  r  dip  in  the  buuid.  Ifthu 
liquid  ireis  the k'^^^ >'  *'"  i"'^  'i^  1°^  capillary, 
and  let  ibc  height  of  the  tun«d  surface  A 
above  the  plane  iiirfacc  D  be  A. 

Now  the  presMTc  nithin  the  vapour  at  the 
level  of  B  will  eiceed  the  preisurr  at  the  level 
(rf  A  by  the  wei(:ht  of  a  column  of  vit/H>ur  <ii 
height  A,  or,  if  a  is  the  density  of  the  vapour, 
by  aig  dyriM  per  Muarc  ceniirrtcirc.  Hence, 
if  the  whote  is  at  the  same  icmpeiaiurc.  and 
if  Ihc  vapour  presHire  at  the  rontave  mrfarc 
A  n  the  same  as  at  the  plane  surface  D :  then 
when  the  premure  at  11  1*  equal  t<i  the  vapour 
pressure  at  the  cxislinn  icmpernture,  ibe  pres- 
MKc  at  A  will  I*  leu  than  the  v.ipoui  pressure, 
and  yo  evaporation  will  still  t;)ko  place  from  the  surface  A.  This  wmiM 
involve  a  continuous  circulation  of  the  liquid  up  the  tube,  for  ibe  heighl 
k  depends  on  the  surface  tension,  and  mutt  remain  roitstant-  Such  a 
coniirtitous  rirciilation  could,  iheurciically.  tw  made  to  do  rvlemal  >'ork, 
uy  by  luminji  a  mull  turbine  jilaccd  in  the  tulie  :  and  since  the  tern- 
pcraturc  U  maintained  cunstant.  me  should  thus  manu&cture  energy, 
whkfa  itcoatiary  to  the  law  of  ilic  conM,T»*alion  of  energy.  Wc  there- 
fore cooditde  that  tli«  liquid  and  its  vapour  must  be  in  e4)ui1ibnuin  tioih 
at  A  and  at  b,  ur  thai  the  vapour  pressure,/,  at  the  plane  surface  must 
be  Kreaier  than  that,  e,  at  th^r  concave  surface  a  by  an  tuoMint  equal  to 
ibc  weight  of  a  column  of  the  vapour  of  height  A,  ot  p-t  —  aAg. 

If  th*  density  of  the  liquid  b  p,  tl>o  weight  of  the  column  of  liquid  of 

heiltht  *  it  i.^iS.    Tlie  diilcreiKe  in  pressure  Letween  the  surface  A  and  a 

ini  II  within  the  tube  on  a  level  with  the  surface  ii  equal  to  ihe  wetglit 

Ihe  column  of  the  liquid  of  dcoMty  ^  less  the  dilirrence  of  prcuurc 

treen  A  and  B,  due  to  the  weight  of  an  coimI  column  of  the  vapour  of 
,_.  Mity  ».  'riius  the  difference  of  ptcMurebelu-ecn  A  and  u  \i  gA{ii  ~  a). 
If  the  liquid  wctsihe  tube,  withal  the  ansle  of  ConUcl  is  l8o*,  it  has  been 
tfaown  bi  §  Ibo  that  ih«  difference  in  preuure  between  a  and  U  is  equal  to 
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when  T\i  the  autiace  l«i»aon  of  tl>e  liqnid-vapour  nirface. 
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Now  ilic  eun-«l  Mirlace  of  ilic  liquid  is,  as  shown  at  ihc  side,  very  nearly 
a  hemisphere  iif  radius  r,  and  we  »e«  from  the  above  exprcwion  that  the 
decrcaie  of  vapour  pressure  wiih  curvature  is  inversely  propurlionul  10 
the  radiuii  of  the  sphcricnl  surface.  If,  initc.-ul  of  beinf;  concave,  the 
itu&ce  had  been  convex,  such  as  is  ihc  c.^sc  in  x  r^iindrop,  the  vapour 
prcwure  ai  the  curved  surface  would  be  i^'rcalrr  ihnn  th.ii  ai  a  pintle 
sur&ce,  Jind  tliis  iocre.ise  u-ould  t'M/vttie  with  the  dccicase  in  the  radius, 
r,  of  the  drop.  Thus,  in  the  case  of  very  small  drops,  the  vapour  pcessunc 
may  be  very  considerably  greater  than  that  correspondinu  to  a  plane 
surface  nt  the  same  lempcrniure.  'Hie  ruult  is  that  altboujih  the  air 
may  be  saturated,  as  measured  in  ilie  ordinary  way  with  a  plane 
surface,  ver>-  small  drops,  su  far  from  increasing  in  siic  by  th«  con- 
densation of  vapour,  are  actually  evaporating. 

The  above  re.isoiiing  explains  why  ii  is  that  if  air  is  perfectly  free 
from  suspended  solid  mailer,  or  <liiii,  it  may  be  cooled  to  a  tenipcraiure 
considerably  bctow  the  dew-point,  wiibotlt  ihc  farmalion  of  drops  of 
waicr  or  misL  A  very  small  drop^imd  ai  first,  in  such  a  duat-frec  air, 
all  the  drops  musi  be  small— will  have  3  high  vapour  pressucc.  ami  will 
again  evaporate.  If,  however,  there  Is  dust  in  the  air.  the  dust  particles 
will  act  as  nuclei,  so  that  the  water  which  condenses  first  on  Ihem, 
instead  of  being  in  the  form  of  an  evcessivcly  small  spherical  drop,  may 
be  spread  out  into  a  surface  of  compar^itlvely  small  cutt'aturc,  so  thai 
re-evaporation  will  not  lake  place.  The  foimaliun  of  Urye  drops  Is  also 
explained,  for  the  vapour  tension  at  the  surface  of  a  small  drop  will  be 
j^ater  than  that  at  the  surface  of  a  tar^ger  drop^  and  hf  nee  evaportilion 
will  take  place  from  the  sntnll  drops,  and  rondcnsalion  on  the  Inrije. 

22s.  Subllmfttlon.  — Hilhcrlo  wc  have  exclusively  conBidcred  the 
P.XIS.1KC  of  a  solid  10  Ihc  liquid  stale,  and  tli.it  of  a  liquid  to  the  gaseous 
state.  Under  ceiiain  conditions  it  is  possible,  however,  for  a  solid  to 
pass  directly  into  the  gaseous  stale  wiihout  passing  through  an  loiet^ 
mediate  liquid  condition.  This  change  from  solid  lo  vapour  is  called 
iuS/imatii'ii,  and  is  very  clearly  marked  in  tlie  case  of  rnniphor  and 
iodine.  These  bodies,  when  gently  heated,  readily  pass  inio  vaymtir, 
although  tbe  temperature  has  not  been  sufficicQtly  hi^h  to  mcli  ihcm. 
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Althongti  ton  RHich  Ins  marked  degree,  ice  exiiibita  the  iamf  phenomena. 
Thus  at  s  leinperature  of  - 1'  C.  the  vapour  teotion  of  ioe  amounti  to 
043  cm.  of  mercury,  anJ  a  piece  of  tee  kqit  at  llii»  teinptraiure  will 
niblime  till  the  preuure  of  the  v4pour  in  the  siirrounding  space  is 
o^z  cm.  of  mcmity,  when  equilibrium  u-ili  be  x\  up. 

22i.  The  Triple  Point.— In  Fig.  174  we  bat-c  given  the  curve  of 
maxunumvapnur  prr<iwiTforn  li<|iiid(vater), or, in  other  word »,thr  boiling- 
point  for  different  pr«wure*.  This  curve  gi^Ts  ihe  pressure  eorrctipcmdinj; 
10  any  icmpcraiure  at  which  bnih  the  liquid  and  the  vapour  can  cxi&i  in 
coauci  orw  with  the  other  without  their  relative  proponioim  alicriog— r>. 
they  arc  in  vtaUc  cquililwium— and  it  called  the  limm  tiiu. 

Ai  has  been  seen  in  §  :ia,  the  melting'piiinl  of  a  lolid  ilcpcnds  on 
the  pressure  *o  thai  a  similar  corvc  to  the  sitam  line  tan  be  drawn, 
giving  the  mcliinjf-pnim  at  dificrenl  prcuutev  Such  a  curt'«  will  tnclicaic 
die  pressure  corresponding  to  ariy  lempcraiure  10  which  a  mixiurc  of  ifc 
aod  water  must  be  subjected,  in  order  ihnt  the  two  Mates  nifty  be  in 
stable  equitibriuni.  Tlus  curve  is  calkd  the  kt  /in*-  Finally,  we  may 
have,  a*  has  be«n  mentioned  in  the  preiious  section,  a  solid  in  stable 
c<|uilibrnun  with  its  vapour,  and  may  therefore  draw  a  third  curve  sbowing 
ihc  pmsuresai  whkh,  under  various  temperatures,  a  »olii]  and  its  vapour 
can  exist  simultaneously.     This  curve  is  called  the  hcmr-frim  tint. 

Th«fi:«nenl  form  of  these  curve*  for  wairr  is  shown  in  Fig.  178.  The 
three  curves  meet  at  the  point  r,  which  is  called  the  trifite p<Hnl.  Since 
the  ticaiR  hne  (cives  the 
oandilions  under  which  the 
vapour  and  liijiiid  may  exist 
umaltancouvty,  the  ice  line 
those  under  whkh  ilie  liquid 
and  solid  may  exist  siinul- 
tancau3>y,and  the  hoar-frmt 
line  those  uixler  whkh  the 
vspmir  and  solid  nuy  exist 
simultancoustjr,  it  b  ot>viou:> 
that  at  the  triple  point  all 
three,  tolid,  liquid,  and 
vapour,  can  coexin  in  sta))ir 
ei]ui)il>riuni.  The  ice  lir>e  in 
the  case  of  water,  which  ex- 

ptMll  on  wlidifyiii},',  so  that 

iBCjeaM  of  pressure  lowers 

the    meltinK  -  point,    dopes 

downward*  inwards  the  right.    Since,  however,  the  hm-ering  per  aimos- 

pbere  inctcoie  of  preuorc  U  only  o'.tx>75,  <he  slope  is  too  small  to  be 

inScaMd  on  the  figure    In  the  case  of  a  body  like  paraffin,  whii  h  lon- 

tCKU  00  wiidifyittg,  the  kx  line  wvuld  slope  downwards  nn<l  towards  the 
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htft.  The  triple  point  for  water  cont^mnds  to  a  pressure  of  OL046  cm.  of 
mercury,  and  a  tcniperfttiirc  a  very  little  abov*  o', 
22ft.  Frcvzintr-Polnt  of  Solutioiu--Cryohjrdrat«s.— It  bu  long 
been  known  that  llie  fieCiiriK- point  of  scu  water  i*  lower  than  that  o( 
[jure  water,  and  (fenerally  (lut  the  pmcncc  of  a  salt  diM<^red  in  walct 
luuen  the  freezing -point.  Of  laic  )renn,  bowercr,  gical  attention  \\x% 
been  diiected  tonanlf  itic  eflccc  of  a  diSKilved  salt  on  tlic  ftceiint;- point 
of  the  xnlveni,  and  the  rctulif  are  of  wry  ){rcat  inietdt,  both  (rwii  a 
pliysical  and  a  che-mifal  tiandpoint. 

Tlic  lirel  10  make  anything  lil:e  a  complete  invcstijiraiKm  of  ihif 
subject  was  [{aotilt,  and  he  found  thai  (lie  depressions  produced  b)'  cqui- 
molecular  ijuaniitics  of  diflcrcnt  subsUuioes  diisolvcd  in  ilie  sanvc  soltrnt 
were  appiuxiniately  the  same,  so  long  as  the  solutions  were  not  too 
concentrated.  Ity  equi- molecular  quantities  is  meant  quantities  of  die 
diiferent  substances  pioponional  to  their  molecular  w^iglits,  so  that  the 
solutions  contained  equal  numbers  of  molecules  of  the  dttoolved  sub- 
stances in  lh(!  snmc  volume.  For  fairly  dilute  solutions  the  depression 
is  proportional  in  the  quantity  of  sail  dissolved.  In  the  follouing  table, 
the  molecular  depressions  are  given,  i.e.  those  which  would  be  produced 
if  the  molecular  weiKht  in  grams  of  a  body  n-as  dissolved  in  lOO  Kra^ns 
a\  the  solvent.  These  rnlues  are  calculated,  on  the  supposition  that  the 
ilepression  is  proportional  to  the  concentration,  from  experiments  made 
on  much  more  dilute  solutions,  alibough  with  such  concentmied  solutions 
tliis  proportionality  no  longer  ei^ists,  and,  cicn  if  it  did.  it  would  in  many 
cases  be  impossible  to  obtain  such  concentrated  solutions  at  such  low 
temperatures.  It  is,  however,  con vcnicn I  to  tcduce  all  results  I o  some 
standard  number  of  molecules  of  the  dissob-cd  substance  10  a  given 
volume  o(  the  solvent,  atid  the  molecular  weight  in  (.'rams  is  in  many 
ways  a  convenient  number.  I'he  same  kind  of  convention  is  employed 
when  staling  the  density  of  a  vapour,  in  that  the  density  is  given  for  a 
temperature  of  o*  and  a  pressure  of  a  iitand.-iril  atitiospliere  (§  31?). 
althnuKh  in  most  c.xscs,  under  these  roiidiliom,  the  vapour  would  have 
condensed  to  a  liquid. 

Molecular  DEPHE.-isioNs  rox  Solutions  ik  Acetic  Aaix 

Chloroform jS'.S 

CarlKin  bisulphide  ....  38.4 

Ether 39.4 

Formic  acid 36.5 

Sulphur  dioxide    ....,•■  38.J 

Glycerine 36.1 

Ethyl  alcohol 36.4 

I  Sutplmric  acid      .......  1S.6 

Hydrochloric  acid 17.1 

Magnesium  acetate 18.3 
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MOI.eCUIJtR   DRPKK!tSIO!f!)   rOK  SOLUTIONS  IK   UBNZK.VP. 

Chlorororm 50"^ 

Carbnii  bisulphtdr        .... 

Ether    ... 

Eihr'  aIi:ohol 

Forniic:  ai'id  . 

Ac«(ic  aciil    ...  .         , 

Mai.ECULAR  DKPitessiONs  FOR  Solutions  in  Water. 

Ethy^l  alcohol ,  i;'.} 

Cane  ttisac  .        .  18.5 

Accitc  acid  ........  19.0 

IIy(ir«hIoricac>d  ....  39,1 

Sutphuiic  ftcid      .        .  ....  j&3 

Sodnim  chlotidc 3>>l 

C-ilcium  chloride 49^9 

li  «i!I  he  *een  ftwu  tlie  above  nuinben  that,  for  any  given  solrrnt, 
Ihc  values  of  th«  molecular  deprcsiion  approximate  to  one  of  two  con> 
*lanl  values,  o«ic  of  Ibcic  ralurt  bcinj;  hnlf  the  other.  I1  wc  ttippOM 
ihal  the  dr|»ciHion  ix  pmpOTtionnl  to  ihc  number  ofdiunlvrd  nio)ocul«», 
and  independent  of  lh«  n.iiure  of  the  inole- 
oi!m  (Van't  HofPs  llieorr),  the  lower  value  of 
llic  molcctilnr  depn.'«iijn  may  be  due  to  the 
fact  ihat,  in  loine  caio,  the  nmleculrs  b.ivc 
foratcd  into  aggrepilei  of  two  ordinary  rni>Ic> 
(.-ules,  M>  that  in  the  kiIikkhi  the  molecular 
wei;;hl  is  dooMed  ;  or  the  higher  v.iltie  ntay  be 
due  to  the  splitting  up  «r  dissociation  of  tlie 
tnolecniea  when  in  M>lution.  We  sliail  refer  to 
tins  (jiienion  bter,  when  we  omtidcr  electro- 
lytic ee«locnon{B«ik  V.  Pnii  VII I.).  As»iim- 
ing  that  thcnx-SecnbrdrptcsiMni^aconstaiii, 
if  «v  know  it!>  value  foi  any  totvent  we  can 
deduce  llie  molecuUr  wcixhl  of  a  body  by 
obaervini;  tlie  deprevMon  in  the  fre«iini;-purQt 
it  produces  when  dissolved  in  that  uilvcnt. 

The  nK»t  uuial  fbrm  of  nppiratut  fnr  de> 
Irnnininj;  llic  fivetiltK- point  is  thai  deuirnrd 
by  Ucilcinann,  and  ihown  in  V\^.  179.  The 
HiluttoA  10  lie  examined  is  placed  in  a  glass 
wMHnhe  A,  which  is  Mtmnmded  by  another  tube  U,  with  an  air  space 
fartwFcn,  the  whole  bcine  placed  tn  a  ulau  beaker  C.  A  fieeiing  mls- 
iim  b  placed  in  c,  and  the  icmpcnture  of  the  soliitiuii,  as  indicated  by 
■he  llwitnoineter  T,  is  waicl>Fd.  It  is  gcitcrally  found  that  the  tolution 
can  be  moled  down  »lixl>ily  below  iu  frcning-point  without  ice  formiiv. 
On  Mjmng  with  llie  platioum  wire  t^  »mall  cfyaul*  od'  ice  are  fonnwl. 


Fin.  179. 
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*nd  iIk  (cmpcratuTc  nwt  to  a  certain  point,  and  ihm  becomes  staiioiiary. 
This  (I'liipeniiurc  is  ihe  frEciing-pmnt  of  the  soluiion.  The  riie  tn  (he 
leinpcmtuic  »  bruught  »buui  by  tlie  latent  beat  of  fusion  of  the  snail 
quantity  of  ice  fottned. 

When  a  dilute  solution  in  water  ti  fmien,  at  Ant  pure  ice  solidifies 
out,  and  on  this  account  ihr  rnnccntratiAn  of  ihn  tcmalnin);  solution  in- 
creases,  and  thefreuiiiv-polni  heroines  lower  nnd  toucr.  If  the  praccu 
is  continued,  a  «tai;c  will  at  Icn^ih  bo  reached  >hcn  the  rEmainlog 
solution  is  saturated  at  tlie  cxistlnj;  temperature.  Any  further  cooling 
will  teparate  more  ice.  and  IieiKC,  as  tiic  sotuii-jn  \%  alreiidy  saturated, 
aome  of  the  salt  inuM  be  ilcpositi-d  in  the  solid  state ;  hjkI  sintc  thij 
di'posii  «( the  salt  kccpi  the  concentration  of  the  loluiiun  consinnt.  the 
leropetature  will  not  chanjfc  till  the  whole  of  the  waier  and  the  liiv 
solved  substance  arc  snlidilied,  niie  as  ice,  the  other  Af.  the  salt.  That 
ihcy  are  deposited  separately,  and  not  in  chemical  comhination,  seemt 
lo  be  indicated  \>f  the  fact  tlut  the  ice  may  be  dissolved  out  by  alcohol, 
leaving  a  skeleton  of  solid  salL  These  combiuaiiona  of  the  «uU'enl  and 
dinoh'ed  substance,  both  in  the  solid  state,  have  been  regarded  at 
definite  chetnical  compounds,  and  as  i^uch  wnc  calk-d  cryohydmtciL 

In  Fijf.  iSo,  the  ordinntcs  icprcscnl  tlie  prrrcninj;e  of  common  sail 
(sodium  chloride)  present  in  a  solution  in  water,  and  ttie  abscissa?  repre- 
sent 1  fin  peril  tu  re  i.  1  he  curve  ab  slinws  the  frccsing-point  of  solutions 
of  diffetcnt  strengths,  that  is,  liie 
temperature  at  which  solids  bcjjin 
to  sepamle  from  the  sohitinn. 
In  the  portion  Hi"  of  lliis  curve, 
■he  solid  which  separates  first  is 
pure  ice,  but  at  the  puint  P  salt 
alio  bt){int  lo  separate  out.  The 
curve  CD  represents  the  quantity  uf 
common  salt  which  will  fonn  a 
niumtcd  sohiiion  at  different  tem- 
peratures. Thit  solubility  curve 
cuts  tlie  freeiin[,-point  cun*e  at 
the  jjoint  F,  wliich  corresponds  to 
a  icmpcniturc  of  -12'  C,  so  that 
for  all  the  pumts  in  the  curve  ah, 
from  II  to  I-,  the  soUiiion  is  utisatur- 

aicd.  At  V,  however,  ilic  solution  is  saturated,  and  hence  at 
commence*  to  separate  from  the  solution  in  the  solid  slate, 
strength  of  the  solution,  when  both  salt  and  ice  arc  separated,  is  13.8 
parts  by  wcr^'ht  of  salt  to  76.2  parts  of  ice,  and  ihis  is  the  so-called 
cryohydiate  of  sodium  chloride.  It  is  inierrsting  to  note  that  it  is 
i>nly  possible  to  have  liquid  solutions  of  sodium  chloride  in  slates  corre- 
sponding- to  the  portion  of  tlic  di.ignun  (Fif;-  i8p)  incUideil  between 
the  lines  DP,  J'B.    We  cannot,  of  course,  have  stable  soluiions  corre- 
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■ponding  to  points  above  the  tolnbilii)-  curve  cix  SuperMturainl 
solutions  are  unstable,  for  iIiik  would  invoh-e  a  aolutinn  ronlnining 
:i  larger  ainount  of  dissolfrd  «»lt  than  n  satiiratcH  solution.  To  show 
ibal  wv  onnui  liuve  a  Huluiiun  in  tlie  4ta(c  irpresenied  by  Ji  pomi 
to  the  left  of  the  ftecnni;. point  curve  .ID,  suppose  thai  we  start  nith 
K  xototion  in  (he  stnic  reprrirnted  hy  ihv  point  E,  that  b.  uith  a  5  per 
etnL  >olulkin  at  n  Ir-mpcralurc  of  o*.  If  tliis  lolulion  is  niolcd,  the 
clliSii||V  will  be  sboirn  hy  ihc  horiionial  line  F.r..  When  (he  notulion  n 
coaled  down  10  a  tenipcr.iiurc  of  -3',  that  is,  when  wc  arrive  at  the 
point  F,  where  the  line  tu  cul«  the  frecnn};- point  curve,  iiv  will  be 
separated,  and  hence  the  concentration  of  the  solution  will  increase. 
Furtlier  cnolini;  will  ilms  cause  us  to  traverse  tlie  cunt  FP,  »u  tliat  we 
Uiall  not  be  able  to  get  (be  jolution  into  the  cundilion  corrctpondins 
to  any  point  to  the  left  of  the  curve  AB.  After  the  point  P  has  been 
rttcbed,  the  ice  and  «alt  witl  1>e  deposited  together  in  consiani  pi'c>- 
ponjon,  and  the  tcmpcmturc  will  remain  roniiant  llll  the  whole  has 
wSdi&cd.  When  solidilicaiion  it  romplrle,  ihc  trinpcratuiF,  if  ihr  cool- 
ings is  continued,  u-ill  a^ain  fall,  and,  since  tlic  pc-rcf^nlagc  of  sail  is  now 
invariable,  we  sliall  tratcl  filon^  the  horiionial  siraighi  line  r<j,  but  we  shall 
no  longer  be  dealing  w'ii)i  a  solution,  but  with  a  iniiturv  of  ice  and  s.ili. 

226.  Heat  of  Solution  Fi'e«zlng  Mlxtui^!S.~\Vlien  a  Ixxly, 
whelhcr  it  is  a  solid.  .1  liijuid,  or  a  s^s,  is  dismlvFd  in  a  liquid,  both 
bcjnu  at  the  same  Itmpetnlure,  there  is  in  general  a  chniij;e  in  tcmpera- 
iwre  indic;iling  either  an  absorption  or  evolution  of  heal.  The  quantity 
of  heat  abmrbed  or  librraird  by  the  sotulion  of  one  gram  of  a  substance, 
in  ■  quantity  of  the  solvent  «o  brgc  ihat  further  dilution  does  not 
produce  any  (iinl)cr  appreciable  thermal  change,  is  caDcd  the  lieat  <if 
tolidion  of  the  subuance. 

In  the  following  table,  the  heats  of  solution  of  scune  substances  in 
<mux  M  »  lempemnre  of  about  1  V°  C.  are  given  :— 

HKAT  or  SOLUTIOK. 


flulaiawt 

Siaib 

M«at  orSohMHia 
inCalorlai. 

Carbon  dioiidet      .... 

Ammonia 

Hydntchlotic  actd 

Eibjl  alcohol        .       _               . 

Acetic  add 

Snl^utric  acid       .... 
pDfeuninm  h>'droKtdc(KHO> 
Sodism  chloride    . 
rwaniiun  cMoridc 
Mtmric  chloride 
Si)*«r  chloride 

Gu 

11 

n 
It 

Solid 

K 

t» 
H 
It 

-i-68.9 
+  13+0 
+49S6 
+47&I 

+  S5  3 
f7.oi 
+ 181.5 

-18.11 
-S9.7 

-I3.S 
-110 
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In  the  abo\*i?  tabic,  n  plus  ugn  indicax's  tlmt  solution  is  accompanied 
liy  ci-olulion  uf  lital.  It  uitl  be  noiictd  i)ui  while  gases  and  liqind* 
always  give  an  evolution  of  heat  on  solution,  soJids  sometimes  (-ive  as 
cvoloiion  and  aoinettinn  an  abiorption. 

l)y  uvng  cnnipamtivcly  laijiL-  quunlilio  of  tolid  itibsiances,  for  which 
the  hc-HI  of  solution  n  ncK^aiivc.  dl!iM>lved  in  a  limited  quaniity  of  vaicr, 
vKi<j  considcntblc  bits  of  tcmpciatucc  urn  be  pruduci-d.  'I*hU  i;,  itlus- 
Itaied  in  the  followini;  tabic  :— 

Frekzinc  Mixtures. 


SubMinot. 

Parts  (lit- 

lolvcd  In 

loo  pant  of 

UWer. 

T*n(icfaiiuc 

Oifbt* 

Aftw 
Soliulan. 

Sodium  niirilc        .        .        ,        . 
CRlcium  chloride  (cryst.) 
Ammonium  nimi« 

7i 

IT 

+  13-1 
-(-to.8 
-(■C3.6 

-S-3 

-   12.4 

-Ii6 

r 


Such  snluiions  of  salts  in  water  are  sometimes  used  to  produce  cold, 
and  ate  called  freciioK  mixtures.  More  efficient  frcciing  mixture*  may 
be  emplo)'ed,  in  which  the  lowerinj;  of  temperature  i>  ptnduccd  on 
account  of  the  chnnxe  of  jiaie  of  one  or  both  of  llie  constitucnis.  The 
thennal  changes  which  ^o  on  in  many  of  these  mixtures  arc,  however, 
very  compDiratcd.  We  niny  lake,  a.i  a  somewh;tl  simple  example,  the  c«sc 
of  a  mixture  of  ice  and  sodium  chloridn.  Suppose  that  powdered  ice  and 
common  mIi,  both  fli  o'  C,  aic  mixeil.  The  ice  always  has  a  little  water 
attached,  and  this  water  will  dissolve  some  of  the  salt  to  form  a  solution 
whose  si.^ic  must  be  (cpresenicd  by  a  point  on  the  diagram  (Fig.  180) 
lietwccn  the  lines  tip,  I'D.  This  salt  solution  will  practically  dissolve 
some  of  Uic  in-,  iiiid,  owing  to  the  lateni  heal  of  ice,  the  temperature  will 
fall.  The  ivaier  fcrmud  by  the  tiqucfaciion  will  dissolve  some  more  salt, 
and  so  on.  In  this  way  the  lempcmliire  will  jtradualiy  bll,  but  the  stale 
of  the  liquid  formed  by  the  melting  of  the  ire  and  ihc  solution  of  the  salt 
must  always  be  represented  by  a  point  included  between  ihc  lines  up 
and  i-i).  Hence,  as  the  teinperaiure  falls,  ii  will  finally  he  testricied  to 
the  single  composition  containing  23.8  per  teni,  of  -.alt,  and  the  lem- 
peraiutc  will  be  -  it',  that  is,  the  point  1'  will  Ije  reacheil.  No  lower 
icniperaiure  than  this  can  be  reached,  for  this  would  in\'oIve  the  solidi- 
fication of  iMith  the  water  and  salt,  and  ibis  operation  would  necessitate 
the  evolution  of  lient.  We  ihvis  see  how  it  is  that  (or  every  fleeting 
mixture  there  is  a  minimum  Irniperamte,  below  which  it  is  impossible  to 
jfO  J  SO  thai  with  ice  and  salt,  nay,  whether  we  start  with  the  materials 
at  o*  or  at  -  so",  the  lowest  Icmperaiiire  piodiiced  is  always  -  22'.  It  is 
also  evident  thai  the  best  irsulis  will  be  obtained  if  we  take  the  salt  and 
icv  in  the  proportion  of  34  parts  of  sail  lo  76  pans  of  ice. 
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The  foUowing  ubte  giv«s  iom«  of  the  oammon  frecnoK  mixtures : — 

FKKKZtKO  MIXTWBS. 


SubuuMc 

Putt. 

SutauBBc^ 

FMrtit 

Tvmpvraiure. 

AtSl*rL 

WbuikllSnow 

Sodium  chloride  . 
Calcium  chloride  (cryi.) 
AnuiMiaiuiii  niirai« 
Citrboa  dioxide  (solkl) . 

33 
lou 
100 

Snow 
Btl&er 

ICO 

?o 

131 

O* 
o* 
O' 

-32* 
-54-9 
-17-S 
-7? 

227.  BolIlDfT  Point  or  Solutions.— We  have  in  S  219  considered 
Dnliun'i  laws  for  the  ^'apout  pressure  of  mixtures  of  liijuid*.  If,  hou«ver, 
ire  (iUiolve  a  solid  ImmI)-  in  a  Iiqui<l,  ilic  lapour  pressure  of  ihc  suluiiun 
b  leu  ih-nn  tiut  of  the  jiure  M>lvcnt-  .Siii<:e  n  tiijuid  boiU  nlifrn  it«  vapour 
pressure  n  equal  to  the  pieviurr  to  which  il  is  siibji^cied,  il  follows  that 
the  boilinK-pninl  of  Kuch  »  «ilut>on  is  nii»c<L  Kaoult  hA»  found  ihat  fur 
dilute  solutiooB  the  lowering  of  ihe  vapour  pressure  i»  proponion.il  lo  ihc 
cnnocntialion,  and  llic  molecular  looTrinj;  ((>.  the  luwerinji:  produced  by 
I  |[TAin'trm1ecule  of  the  solid  dissolved  in  too  untm*  of  the  Milveni)  i-t 
independcni  of  Ihc  nature  of  the  tlissolvcd  lubst.-tncc  i\i  in  ihc  case  of 
the  depression  of  the  froeiliiK-poini,  the  lowcriiijE  in  the  vapour  pressure 
has  been  UKd  lo  determine  the  molcrii'ar  weight  of  solids  in  solution. 
In  detennimotr  ^^  boriling-poiiii  of  a  solution,  the  th«iniunieier  has  10  he 
placed  in  the  boiling  iMjuid.  since  the  lemperaiure  of  the  vapour  Kiven 
Offncqunl  tothaloi-rr  llie  pure  Wvcn:  Imihnj;  under  ihr  f,\\rn  picssurv. 

228.  Thermal  Phenomena  accompanying  Chemical  Change.— 
U'e  Kavc  hitherto  considcicd  llur  ihvnnal  phcnoirtcna  which  accompany 
physical  ctianxc,  and  allliouftli  llic  com-spoodini;  ihennid  considerations 
■itb  reference  to  chemical  cli.int^e  Mong  more  especially  lo  the  «ci«nco 
tt  cbemiury,  it  will  he  useful  to  rrfcr  lo  somi;  of  Ihciik 

E<>n>  chemical  reaction  b  charactcrbed  by  iIm  cvokitioQ  or  abtoip. 
(lorn  of  a  certain  dcfiniie  quantity  of  beat,  to  lliai,  keeping  all  the 
ntcnud  conditK«n«  ihc  same,  if  ih«  reaction  takes  place  in  the  opposite 
tenser  ibcn  iIk  thermal  pbcnomcnn  simply  dunjce  siji".  the  quantity  tS 
Intf  involved  being  ibo  saino  as  before.  The  quaniiry  of  heal  involvmJ 
in  any  ipven  reaction  (kpcndi.  bowcireT,  in  a  marked  maunrr  on  Ihe 
physical  condition*  under  which  Ihc  rcnciion  lakes  place.  Ibu*  if  i 
gnms  of  hj'drojicn  luid  16  Krams  of  onyuen.  both  in  ihe  gaMSHis  con- 
ifriinn,  at  standard  presiure  and  icmperatu re  combine  logalKr  lo  form 
aster  «■  o'.  ibr  heal  evolved  by  ll>e  reaction  i*  t^H  cahwirt  If  the 
rank  of  (be  reairtioa  u  to  fonn  steam  at  lOo*,  the  heal  evolved  is  only 
jSjSfr  calories  the  difference  rrprcscnting  the  heal  given  out  by  iSKrains 
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of  Mmin  ai  io3'  in  cotidmsing  ta  water  at  o*(/y.  5j6x  i6-l-too>ci9).  In 
tlio  Min«  way,  if  iIm  result  or  itie  r«;ictii>n  n  lo  (pre  ic«  ai  o*,  tlie  heat 
evolved  is  70174  niorks  (>>.  68S34-f&ix  |8^ 

'Hie  Above  itian  cumpli;  of  a  simple  mctiun:  ai  a  more  compli<'jiie(t 
teacliOQ,  we  may  lake  ihe  solution  of  metallic  cnc  in  dilute  sulphuric 
acid.  If  65  j;rams  of  linc  arc  dtKiolved  in  dilute  mlphutic  scid  :  (0 
wnier  it  dccampnicd  and  tvn  Kraiiii  of  hydroj^cn  are  rvolied,  lhi« 
rrarlinn  ahsorbing  ASS34  caloriei,  as  in  [he  previous  example  ;  (a)  llie 
oxyi^rn  combines  wjih  ihe  linc  and  Sjjoo  caJories  are  nWtv.t;  (]}  ihe 
okide  of  line  combines  o'ith  ihe  acid  formiiiK  ZnSO„  and  u*;iier  anJ 
3»oo  calories  are  evolved.  Hence  the  roulunt  thermal  elTccl  of  ihc 
whole  reaction  is  ibat  3B066  calorics  are  evolved,  sbice 

38066=  -68834 +83S<»+S34'»- 

If  one  gram  of  diamnnd  i»  convened  into  carbon  monoxide  (CO), 
2 140  calorie*  are  wolved ;  if  the  CO  is  ibca  converted  into  cacbon  dioxide 
(COj),  5710  calories  are  cvolvcil.  Hence  7860  calorics  hare  been  evolved 
in  the  conversion  of  carbon  (in  the  form  of  di.imoncj)  into  carbon  dioxide, 
the  reaction  havin)(  taken  place  in  two  steps.  If  1  gram  of  diamond  is 
directly  convened  into  carbon  dioxide,  ihe  heat  evolved  i«  7860  calorics, 
so  that  the  same  amount  of  heal  is  evoked  whether  the  reaction  take* 
place  in  one  or  in  t>vo  steps.  This  is  ao  example  of  the  law  that  when  a 
system  of  bodies  passes  from  one  state  to  another,  the  quantity  of  heat 
evolved  is  independent  of  the  inicrnipdiaic  states  through  whirh  the 
bodici  [i;ni, 

229.  Guides  Showing  the  ftelattons  between  the  Temperature. 
Volume,  and  Pressut'e  of  a  Body.— We  hjvc  :teen  in  the  previous 
sectioni  that  the  volume  of  unit  ma^s  of  a  siibstanre,  the  pressure  10 
which  it  is  subjected,  and  the  temperature  bear  definite  icUiions  10  one 
another,  and  that  if  wc  know  these  three  particulars  »e  can  deduce  the 
physical  state  of  the  iulwiance.  The  consideration  of  many  propeniei 
of  a  substance  arc  made  much  clearer  by  drnwini;  curvci  showing  the 
connection  between  these  three  tguanlities.  Since,  however,  there  are 
three  of  ibem,  wr  cannot  draw  a  sinyic  cur\'e  on  a  plane  surface  to 
reprcicnt  the  changes  which  take  pt:ice  in  them  all.  A  series  of  curves 
can,  however,  be  drawn  showing  the  relation  between  .any  two,  the  third 
btnng  supposed  to  remain  constant.  There  are  three  po?.5ib!e  kinds 
of  curves,  namely,  (l)  those  showinu  the  relation  between  pressure  and 
volume  al  eunstanl  tempcr.itnre  ;  (i)  those  nhowing  the  relation  between 
pressure  and  temperature,  the  volume  being  constant  ;  and  i[3,i  those 
showing  the  connection  between  temperature  and  volume,  the  pres- 
sure being  consi;int.  Tlic  first  of  these,  in  which  the  temperature  is 
consiuni,  are  called  isofhfrmalt ;  the  second,  in  which  the  volume  is 
constant,  wam-Zw  Imtt  01  ist>pifrtt ;  and  the  third,  in  which  the  pressure 
is  constant,  isoftittlie  lim-s  or  isebart. 
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280.  Isobars.— Ak  an  iiliisiraiionof  ihttwc  thM  may  be  mnde  of  llie 
isnbatx,  u-c  will  examine  ibc  fo»m  of  these  ciin'cs  in  ihc  case  of  u-ati-r, 
III  order  to  draw  ilio  curt-e  for  a  prvssun:  of  one  almasplicre.  we  should 
I>li't  ttie  volume  of  I  (-nun  of  water  (in  Ihc  stale  of  ice.  wnlrr,  or  ilcam, 
as  the  case  may  be)  ai  ordinate  againtt  the  cnrrciponciint;  Icmprraiurc. 
The  Ibllowinx  ubtc  givo  the  volume  of  i  gram  oi  water  ai  Komc 
tempCKunret:— 

VoiAiME  or  I  Gram  or  Water  at  Atmospkkric  Pressur£. 


Tcmpnaintth 

Hittn. 

VtAunm. 

-lo' 
O' 
O* 

100 

too* 
ISO' 

Ice 

)• 
Water 

It 

» 

1* 

Steam 

■■ 

1.0897  CC^ 
1.0907    „ 
I.OtX>l     „ 
1.0000    „ 
1.0120    „ 
10431     ^ 

1650. 

1870 

To  illustrate  in  a  li(,tiTe  the  taobar  for  the  range  of  temperature  given 
in  the  table  ateurately  to  scale  would  be  mipuiiible,  since  the  chaoKC  in 
volnmc  in  puiing  from  K-atcr  at  loo"  to  steam  at  100'  is  so  cnormouily 
Itrcaicr  than  any  oi  ihc  other  changes  \n  volume.  In  I'ik.  ii(i,  however, 
tomeisoban  arc  shown  m  s^diagritmmaiii  futm,  in  paniiriiUr,  the  increase 
in  volufoc  (Jurinj;  the  rhangc  into  slcnm  has  bcer>  inrficntrci  .it  licing  very 
much  snmllcr  than  it  really  is,  anH  the  change  in  volume  of  the  solid  and 
lii]uid  ]rroduced  by  prcMunc  is  ntucli  exaggerated.  Tlic  line  AbciUf  shows 
the  isobar  for  a  pretsureof  one  atmosphere.  Starting  at  the  lowest  tein- 
petaturc,  at  the  point  a,  a.-i  the  temperature  riie*  Ilic  ice  expundiL  When 
o*  is  reached  ilie  ice  heg^ins  to  melt,  and  ihc  temperature  icmnin* 
constant  till  the  whole  of  the  ice  h.^s  melted,  the  volume  decreasing 
dmin);  this  time,  w  ilul  the  part  of  iIh*  curve  be  corresponds  to  the 
mixture  of  ice  and  water.  From  o*  to  too*  the  water  expand*,  and  at 
too'  the  water  begins  to  change  into  vapour,  ihc  temperature  again 
remaining;  constant,  aliile  the  volume  changes.  Hence  itf  coriesponds 
to  the  c-ocxincnce  of  liquid  and  vapour.  When  the  whole  o[  ll>e  liquid 
baa  vaporised,  the  temperature  risci  abmc  luo*,  and  the  isobar  corrc- 
cpondt  to  a  g.is.  SiiKC  the  volume  of  a  jwrfrct  gn<  varies  directly  as  the 
absolute  temperature,  the  isobar  for  a  gas  ti  a  straight  line  which,  if 
producMl,  would  luiM  through  the  point  on  ihc  di.igratn  <»rreiponding 
tn  the  temperature  -273*  and  the  t-olume  equal  to  leroi.  At  a  tcm^ 
p«)rBturt  some  way  above  the  boiling-point,  a  vapniir  behaves  as  a  perfect 
jpu,  so  tlui  tlic  remainder  of  ibc  isobar  above  this  lempetaiure  wilt  be 
a  >tni(ht  line  pasting  through  tlie  point  /■■  "273'  and  v^a 
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If  <v«  itancd  with  a  pr«Mure  of  riftcvn  atmcMphcm,  at  nii)'  t«mp«ra- 
rure  (he  vnlume  of  unit  mus  would  be  l«a  thnii  ill  volitine  under  a 
preuuT  of  nnn  atmotphftre,  and  henc^c  ihe  isobiir  for  fifieen  aimospherM, 
•fd'//",  lies  bclnw  ihc  imtttr  for  one  nimoipherc.  Under  the  increased 
pressure,  the  nicliinjc-poitil  >>  lowtiml  .1  little  and  ihc  boilinjf-poini  is 
raiseil  lu  aoo",  and  the  two  icrtir.il  parl«  of  the  curve,  uhicli  comspoad 
to  a  mixture  uf  ii:«  and  water  in  tlic  one  ra«^  antl  of  wnier  and  •ECam  in 
the  other,  are  failher  to  tlie  M\  and  rii;ht  respcclircly. 


0         +10O-       aoo* 
TEMPERATURE 


Avr 


The  isobar  corresponding  10  a  prcstiirc  or  ^  cm.  of  nieTCur>-  is 
pi^cdlinr,  and  is  npjrea«nicd  by  the  doltrd  lines  ma  and  oP.  Slarling 
with  ilie  solid,  at  this  pressure  the  iiieliin(--poiiil  '\-i  ^li^htly  above  o*, 
but  at  (111!!  temperature  and  pressure,  as  we  hav^  seen  {%  JI4).  we 
mil)'  have  ;i1l  Itirce  stales,  solid,  )t<|ut(l,  and  vapour,  existing  simuh 
taneuusly.  Hence  the  isobnr  beyxinil  this  point  is  a  vcnical  line  oP, 
the  jxirl  PH  corresponilint;  lo  a  mivlute  of  liquid  and  solid,  and  lUe 
part  np  to  a  mixture  of  solid  and  vapour.  For  itill  lower  pressures 
there  will  be  no  liquid  phase. *n  ihal  the  ircnill  sublime,  and  the  vertical 
pan  of  the  isobar.  V/',  will  correspond  to  a  mixture  of  solid  and  vapour, 
the  point  where  the  whole  of  ilie  solid  has  vaporised  beiny  off  th<-  lop 
of  thedi.igram. 

It  is  thus  evident  that  from  a  series  of  isobars  for  a  fpyen  substance 
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w«  may  draw  much  infomiaiian  as  to  lis  beluviour  under  vaiious  con- 
diiiont  of  trmpcinliirc  and  prcuurc^  and  we  idiall  have  occasion  later  ot^ 
tS  'JJ)  '"  itKiiin  rcfri  to  llii^  diagram. 

231.  Isotherm  Ills.  —  When  r<iTi'.i<icTinn  ihc  gcnrnti  form  of  the 
tiothcfnwl  rHrvi-s,  11  will  be  conicnicnl  li>  icfcr  tn  ihc  portion  which 
deals  with  the  paMs^e  from  solid  to  liquid  scp^iraicly,  i^ince  here  wc  have 
lo  consider  two  distinct  cawn,  nuincly,  when  ihc  »o!id  is  denser  tlian  the 
liquid,  as  is  the  cai«  wi'b  pnraflin  wux,  and  when  the  liquid  in  denser 
than  the  solid,  as  b  ibe  case  niih  water.  This  consideration  does  not 
apply  to  the  pastajcc  from  liquid  to  pis,  since  the  density  of  the  ga*  is 
alaayi  less  than  thai  of  (he  liquid. 

I.el  u»  first  take  tlie  caM  of  a  hoily,  such  at  pniaffin  wax,  in  which 
there  is  cxpansioo  when  the  solid  niclis.  Here,  as  we  have  mco  in 
S  ;io,  incicaic  of  pteiwirc,  since  it  increases  the  density  of  the  liquid, 
■ill  raii«  ihe  melt inj(- point,  or,  in  other  wunli,  at  .1  high  pressure  the 
liquid  can  pass  inin  the  solid  condition  ul  a  hiKlKr  temperature  than 
h  can  al  a  low  pressure.  I*t  mi  (FiR.  181J  represent  the  change  in 
TOhime  of  one  f;rani  of  solid  paraflin  as 
Iho  pressure  b  lowered,  the  tcmpcratiiJe 
beti^  kept  constarl  and  equal  to  /,.  At  a 
pressure  conespondin^c  to  the  peint  *,  let 
the  temperature  /,  be  the  niel  ting -point,  so 
thai  Ihc  wax  will  now  start  melting.  During 
the  time  thai  the  solid  is  changing  into 
liquid,  the  pressure  will  remain  coniiani, 
while  the  volume  increases  (was  exfandt  on 
mcllint:).  and  the  portion  ti  of  the  twithcnnal 
mil  be  parallel  to  the  axis  of  volumes,  i>. 
bofiioniaL  When  all  itic  solid  has  melted, 
■ben,  if  the  pn^iure  is  further  reduced,  the 
liquid  will  expand,  and  the  lino  (J  will  ic- 
present  the  cxinnnualioa  of  the  iwlhcrnial, 

Suppose  now  that  we  start  at  the  same 
preanurc  as  before,  hut  at  a  temperature  /, 
hieher  than  /,.  As  the  lempenuurn  is 
higher,  Ihc  volurrK  is  gnutler,  the  pretwire 
being  the  tame,  and  the  isotliernial  will 
start  at  the  point  d'.  A*  the  presmwe  is 
ngdoced,  the  volume  will  increase,  and  a'S 

win  wpfesent  Ihe  ponion  of  the  itolhertnal  conetponding  to  ibc  feotid 
ttalb  Since  Ibe  temperature  is  now  higlM-r  than  befoic,  fusion  will  uart 
at  a  higher  pressure  thnri  before,  for  the  hi^'hcr  the  presuiie,  the  bi|;hef 
iIh)  temperature  at  which  fution  takes  pUce.  Hence  the  honMntal 
piirtjnn  *'.'  of  the  isothermal,  which  corteiponds  to  the  corxiiten<*  of 
the  solid  and  liquid  states,  will  be  at  a  hixher  preuure  iJuo  liefore; 


Wlien  all  ibn  iinIM  hi»  n>clt<^l,  thr  prcMun  will  Again  fall  nnd  tl>c  [iqiul 
MpMBtl,  M>  thni  >'•/  will  repreieni  ilic  renMinder  of  the  iMiihemul- 

titxi.  conkideriiiK  iho  caue  of  x  subuance,  Midi  as  wau-r,  in  wUich 
ibora  i*  expanuon  uii  wriidilicatkm,  to  that  JncmM  of  pressure  Iohftj 
lltB  mcitlnKpoinl,  and  ihenrforc  ice  can  only  be  n>clicd  by  imTraiiirx  tij': 
pmmic.  t>ie  icnijieniitiie  retnainini,'  coiitiaat  We  have  in  Ibis  case  to 
•tart  with  Itie  liquWl  ai  it  (Vig.  183),  -my  ut  a  presmre  of  a.  ibouswd 
atinoiphercR  and  a  tcmpemtuic  of  -o'.76.    As  ilic  preiuire  j.i  reduced  ilic 

water  will  expniid,  till  ihc  pi^uiire  is  re- 
duced lo  100  ainiosphcres,  whtn  the  watei 
will  cnnimcncc  lo  frenc,  and  ihe  prcHate 
will  remain  c'>nst;ini,  the  tolumc  increasing 
(ill  all  the  uaicT  n  cfMircrled  into  ice 
WlH-n  ihiii  transfiiniiaiioD  ii  complcic,  od 
fuiiher  leduciii);  Uie  pressure  the  ice  will 
expand.  I'bc  isothermal  will  thcrdorv  have 
I  he  form  nicii.' 

Next,  »u)>pi»c  we  suti  al  tlw  ume  pres- 
sure as  befbte,  nnmcly,  1000  xtmwpheres, 
but  at  n  higher  tcmpcraiur«,  say  o".  The 
pre&suTC  will  now  hare  In  Iw  reduced  lo  one 
itlmnsphprc  before  ice  cnmnicncci  ti>  fomi, 
«o  that  the  horiioniiil  ponion  of  the  iso- 
thcmml  *■«',  which  corretpowis  to  the 
<:ocsiuenc«  of  liquid  and  solid,  will  be  at 
a  lower  presiurc  than  before,  and  will 
cut  ih«  iMthennal  for  the  lon-er  tcn)pcra> 
lure  at  some  point  P.  In  the  Am  c&u 
(Fiji.  tSi),  where  the  body  expands  on 
futicm,  the  isothermati  were  quite  distinct, 
The  >n(er«eciifln  of  the  isothennals  at  P  mcAns 
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and  nowhetQ  inionectrd. 
thai  nl  tha  prruuTo  o>i  ihrtc  are  iwo  leinpenilures,  /,  and  i„  at  which 
unit  nut«*  1)1  the  subttance  haa  the  same  volume  an.  In  one  cnte,  that 
lU  Ih*  lempemiilre  r„  the  tubslance  is  wholly  galid,  while  in  ihc  otlier, 
fp  ibe  »ubtianca  ii  partly  liquid  and  partly  solid 

The  general  Umn  «>f  the  isolhennaU  (or  water  »nd  iieam  arc  shoun 
diNHranunntti-ally  in  Fif.  184-  The  hotiionul  poriion*  .Ml,  cD,  &c.,  repre- 
sent llin  pniiaKo  iif  Ihc  iiihstancc  from  the  liquid  10  the  KaMOUS  con- 
dilion,  ilmiinf  which  iIicm:  two  slates  ciiexist.  The  <uive  for  the  vapour 
al  tnmc  dlilnnc«  fruni  the  point  h  is  a  rectangular  hypeibola,  of  which  ihe 
■xti  of  pressure  and  t'olume  arc  ihc  atympioics,  since   ihc  vapour  at 

I  If  the  prewuiv  <■  ulffidanlly  mlucnt  lb«  In  will  tuUline.  and  ttwrc  will  be  s 
Muoiid  IturttflRtil  [Hjiiloii  111  ilie  toothnmsl  c«rm|iondiiir  *«  t)\<;  owiistFiinr  bF  the 
Mllil  snd  ispDiii,  \^'Tirn  ihe  whole  of  Ills  ira  luu  •iiUlnml.  <in  fiiitlirc  (I'lliiriti);  the 
tMcmae.  <n  ilicuM  xei  ihc  milMmisI  oancipDn<llng  l<>  a  vapour. 
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prexnires  rem(K«d  rnxn  lis  cmdensing  point  behatYX  lik«  ti  perfect  gas, 
id  for  a  perfect  gu  Boylc't  law  hulijs,  »o  that  frvA  coutitnt,  wkkh 
the  equaiion  to  Hicb  a  recumgular 

hyperbola 
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Suppose  we  start  vrith  an  i»a- 
ihcrmal  ccfnHipfln<lint[  to  a  inn- 
peiatuie  /„  m>  iKnc  vjiporiMtiion 
conunciKTi  at  a  prcsMirc  reprcMniicd 
by  ihc  p^iiiii  A  iuid  end]  ui  B.  Next 
insider  an  isolbermal  cortcspond- 
InK  lu  a  liigher  tempcraiuci!  1^  In 
this  case,  lince  ihe  Icmprralutc  i^ 
higher  than  before,  t1>e  v^potif  picx- 
mrewill  he  );reji[er,Hiili.it%'jipoiiM- 
tion  will  be  tUc  to  Stan  at  a  luKbcr 
pnssvrc  than  befoce.  At  itii»  higher 
peniure  and  piestiuic,  vapoiita- 
in  nil]  1>e  complcie  at  a  unaller 
lutnc  than  before,  >o  that  the 
in  volume,  represented  by 
ibe  tcDgth  of  the  line  cb.  during  the 

e  feom  lii|uid  to  S"-»»  *'!'  be  smaller  than  before.    This  decrenie  in 
chanjfc  in  nihinw  duiiri^;  ihc  rhan^e   in  slate  viiil  cominuc  ai  ibc 
nnals  conespund  I»  hij^het  and  tiit;lKr  leinpenituro.  till  final!)- a 
temperature  /,  u-ill  be  reached,  uicb  thai  theic  ji  no  sinUlcn  cbantie  in 
nilume,  during  Ibc  pauage  at  i>r  about  the  point  i:,  frem  the  Uquid  to  the 
gkwoai    Uate.      We  shall   in 
%  ill  mnro  to  this  Hihjeci, 
wbea  con&idcrtnK  tb<  critical 
lanperaiurc  a{  a  gaii. 

Each  of  the  ivolliennaU 
■lioai  four  points  ai  which  a 
aaddcn  change  dF  dircciwn 
ldge>  place,  one  e:nch  at  (he 
coanDefiCEmeni  and  end  of  ihr 
Iwfi  pom  oomspondintr  to  thr 
thantjc*  of  italc.     The  bciikcn 

fine  *iti:ii\FiK-  i8s) '*P'^**'"' 

a  portion  of  an  isotbciriul  of  a 

body  whidi  expaiMlt  on  fiuion, 

ihai  It,  (be  dcnilty  oF  tlie  XysfxA 

u  leu  Ibu  thai  of  the  tolid,  the 

RrBighi  part  corresponding  to 

a  miiiinv  of  tolid  and  liquid.     Prafestor  James  ThoniMR  has  suKjfeited 

iImi  llw  tnio  (am)  of  the  iMithermal  curve  during  the  cluuig*  of  tiate  It 


9u  *hoa-n  by  the  4atttd  Wat,  in  which  no  abruptdMUigM  in  tbe  direcika 
nt  Ibe  curve  take  place,  and  <he  Mibstuivcc  rcmauis  lioOMgcncvxi-t  thraugli- 
ouL  On  this  ihcof}',  the  expUnaliun  of  the  ra<n  thni  the  obMirVf^i  pan  a' 
ibr  isotlicnnnl  it  the  ntraii;ht  line  f^  i«  ibnt  vluit  wc  otMCivi^  must  occrv 
Mrily  be  tbe  niestn  ronditton  of  a  vt^ry  Unirc  number  of  molccnk:*,  ami 
ihiHalthoug)),  if  we  uvresMc  lofolk>w  ilw  cfaanicc  in  t1i«  t-olutnc,  &e.,i)( 
a  lin^^le  nwdccule  ot  small  group  of  moleciilcii,  ihcy  would  rarh  be  fowDd 
to  follow  the  dotted  curve,  live  change  friMii  M>4icl  to  li<|iii(I,  or  liquid  to 
vapour,  bein);  conlinmnis,  yet  in  llic  caM  of  »  relnlitel)'  Ur^  nuss  ol 
liquid  there  urc  ii  number  of  such  1,'roups  Hunuttaiwously  ){oinK  thmiKh 
such  a  chungc:,  niut  ibc  intefjnil  result  is  rcprcseoied  hy  the  straight  line 
BC,  the  area  of  the  loop  bkf  lacing  c«{unl  to  thni  of  tli«  loop  Fee 

The  part  tii  the  curve  between  k  and  c.  we  cannot  cvpcci  to  be  able 
to  nctualty  oI>tervc,  for  it  rcprcscnit  an  cucniinlly  tjnsiaUc  conditmn,  ai 
an  increase  of  prvsimrc  is  here  accompanied  by  an  incitasc  of  volume, 
which  iBci«aM  in  volume  itself  causes  ii  fuiilier  Jiicieasc  of  prcfr«urf,  and 
so  on.  The  parts  kk  and  tic  correspiHMl.  however,  to  liable  conditions 
and  tienc«  u-e  may  rcatonnbly  ho|Jc  that,  under  spetiul  circumstances 
we  shull  be  ahk  lo  obt.iin  a  b™iy  in  the  condition  indicated  by  points  on 
lhes«  puTliona  of  the  ii^otlicimal. 

'flic  form  of  the  itolhetmnl  for  phosphorus  a  similar  to  that  sho»*n 
in  Fig.  185,  by  the  line  ABcn.  If,  huweier.  we  take  some  phoiptiotm 
in  the  liquid  condition,  n»  indicated  by  ilie  poiul  c,  it  i*  posMUe,  if 
luiliible  precautions  arc  taken,  Itccping  tbe  pressure  tbe  same,  lo  cool 
the  liquid  wiihciui  its  lohdifyinjj,  so  ihai  il>c  new  condition  is  represented 
by  the  )>oint  It.  Now  the  points  c  and  it  appear  in  be  on  the  same 
isothermal,  yd  to  pass  from  C  to  11  we  have  lowered  the  IcRipeiulurc  of 
the  body,  or,  in  other  word*,  have  nai  piswd  along  an  ho/Aerma/. 

We  are  therefore  driven  to  the  conclusion  iliat  the  poini»  m  and  c  are 
not  on  the  same  isuihernial.  and  lliai  ihe  true  form  of  the  isothermal  h 
really  as  »hown  by  the  doited  lines,  w  that  the  point  11  is  on  ihc  upper 
part  of  ilie  serpentine  of  an  isothennni  correspondinji,'  to  a  lou'cr  icin- 
peralure  than  the  one  pasiin^  through  c. 

The  case  of  a  "superheated''  liquid,  in  the  same  u-ay,  realises  the 
portion  BE  of  the  isolhcrmal  corresponding  to  the  passage  fivm  the 
liquid  into  the  giiscnus  condliion. 

232.  The  Critical  Point.— In  Fig.  1B6  are  given  ihc  itoihcrmais  for 
carbon  dinvide,  ni  oblnincd  by  Andrews.  Al  low  teirpcraiurcs  (ij'.I 
and  11".  s),  the  hotiionul  pnrt  of  the  curve,  corresponding  10  the  presence 
of  both  liquid  and  vnpour,  is  ver>'  marked.  The  cun*  for  a  icmperature 
of  31".!  has  however,  quite  a  different  form,  as  there  are  no  longer  sharp 
bends  in  ihc  cun-e.  Sinrting  with  the  ^as  at  3i'.i.  and  increasin);  the 
pressure,  the  volume  diminishes  al  first  slowly,  but  at  u  pressure  of  about 
75  atmospheres  the  volume  diminishes  rapidly,  very  much  as  happens 
durinK  the  condensation  of  a  npoui.  but  there  is  no  visible  scpariitioti  of 
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tbe  cubon  dmxidc  inin  two  djuincl  condilioDSi.  A»  ilw  pressure  is 
fuTlber  iiKreaicd  the  volume  dimini^hL-s,  bui  only  »lowly,  ihe  rc3t  ai  ilie 
i*ullieniuil  curve  mcmbling  llial  for  lli<!  liquid  ;  and  fur  prrviiiro  of  iibuui 
•jp  -nnxnphere*  ihc  voliiiix;  is  wl»al  we  ahould  exjiett  it  lo  lie  at  this 
Icinprialurp,  bam  Ihc  hiiaim  c-ocllit  ival  of  tuUtal  evpaiiiioii  wi  tiquefitd 
carbon  dioxides    Andrews  found  thai  at  Teiiipcralur»  below  30°.92  there 
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«u  «  cloily  nuirkcd  passage  from  the  liiguid  to  the  gtttoua  condittoo, 
boi  ihnl  fir  nil  hijihcr  icinpcraturcs  slartins  with  the  gsi»,  il  was  possible 
to  tomprcu  It  till  it  (HH»csM.-d  tl»c  dciniiy,  &c,  of  ihc  tiqu'td,  bui  tlial  no 
mbrupl  r.h.-iti|ie  front  one  stale  lo  ilie  other  toolt  pUce.  Tliis  tenipeniluie, 
below  which  the  abrupt  chalice  from  gai  to  liquid  can  lake  place,  is 
C^led  the  erilUal  UmAtratMre. 

Th*  isolbemial*  for  31'.  S  and  3S*.S  show  that  at  tbese  temperatiifcs 
Ibero  is  a  pnrssure  at  mhich  the  rate  of  rh.-intic  of  rahimc  i«  fixcessivc, 
boi  ibis  (latienini;  of  the  curre  n  tc»t  maikcd  for  tlio  higher  tcrmperatar«. 
At  a  lempemluic  a(4K*.i  this  Raiicniiitc  hits  mtiicly  vanished,  >nd  ibe 
cam  b  simiUr  to  thai  obtained  in  iIm  case  of  one  of  the  so-ca-U«d 
prnnanenE  t!*set. 

A  (imilar  series  of  plienomcna  ate  exhibited  by  Oliver  subitaivce* 
wlutb  rxB  Im  obtained  in  both  the  gaieoon  and  liquid  condition.  Al 
tesiperaiurtrt  below  ihe  eriii<-.«l  lempemtar*.  if  ihe  pressure  is  increased 
s«fllcieiilly,  (her*  it  a  sudden  chaiij[c  from  the  gaseous  lo  \\ir.  liqiikl 
enoditnin.  while  for  IcmpeRitum  altorc  (he  critical  (empcraiure  llicre  (s 
■a  jorh  ahnqx  >  haiij^e,  the  subilance  Kiadiially  p^isiin);  from  tlic  ci-ndf 
tion  of  a  ga*  inio  iliat  of  a  liquid,  Ibe  Iwo  slates  never  coeri-ninK. 
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Ifon  ih«  dia^'ram  of  the  imihcrnuiU  (or  a  nubMnnre  a'c  trace  a  curve 
throuich  ilic  points  at  which  liqucfoctKHi  conuncncM  and  ends,  wc  oblxin 
n  curve  such  as  is  ihown  dotted  in  Fig.  184.  The  iKUhcrmal  foi  the 
critical  icmpemiurc  will  touch  the  vertex  of  this  curve,  because  for  all 
lower  leiiiperuiurrs  «re  get  a  distinct  cammenceiiicnt  and  end  of  liquefac- 
lioB.  For  Ihe  body  in  the  states  rcprcicnicd  by  all  points  tudwM 
witbiti  lliis  curve,  we  may  have  the  litjuid  aiiil  (-as  exisiin^  side  by  nde. 
The  point  E,  nt  which  the  i1uihenn.1l  for  the  critical  temperature  louchei 
Ihii  cune,  c«rmpanch  to  what  ii  called  the  (.rilical  poini  of  the  lub- 
stancc,  and  itie  prcMurc  and  volume  which  corretpond  to  E  am  called 
the  crilii:iil  pieuuic  «ad  volume  of  ihc  substance  iei[icctivrly.  It  is  wdl 
to  remember  that  what  we  mean  by  the  critical  volume  is  the  volume  of 
unit  iiiiisi  of  the  subilancc  at  the  rriliml  Icmpcratiire  and  prrksiiic. 

In  the  isobars  for  water,  shown  in  Fig.  i8t,  it  will  Im  noticed  that  the 
change  in  volume  in  the  pauage  from  tlie  liquid  10  the  i^aseout  state 
decreases  ta  the  pressure  for  which  the  isobar  is  drawn  inctcases.  The 
isobar  corr«pon<Uni:  to  ihe  critical  prenure  is  a  continuous  curve  aec, 
touching  the  curve  oJif%/e,  which  cat)  be  drawn  enclosing  tliat  portion 
of  the  diagr;iin  corresponding  to  the  possible  coeiiiaienc<c  of  the  liquid  and 
i^scoiis  stales,  at  the  point  E.  The  co-ordinate:)  of  E  are,  of  coune,  the 
critical  icmperalurc  and  volume  respect i^-cly. 

The  following  table  contains  the  critical  dnia  for  some  subsiancee  :— 
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Tempera  ItiK 
in  Dcgrer*  C. 

^r 
19+4 

-S 

-145 

-234 
130 
388.S 
311.6 

1"™!™™  in 

Aliiios|ihcna. 

77 
78.9 
350' 
'95 
50.0 

"5 
47.9 
57" 

Vohrnie  tn  cc 
perGnnn. 

Caibon  dioxide    ,        .        • 
Sulphur  dioxide  ■        ■       . 

Ether 

Water 

Oxygen        .... 
Nitrogen      .... 
Hydrogen    .... 
Ammonia     ■        .        .        , 
Renienc       .... 
Acetic  Oicid  .... 

1.1 

is 

"■3 
"S 

>-7 

233  Density  of  the  Satui^ted  Vapour  snd  of  the  Liquid  ap 

to  the  Critical  Point-— At  tcmpfiaturc,  below ihctrilicai  temperature, 
a  mbstance  may  exist  either  as  a  liquid  or  as  a  saturated  vapour,  and 
hence  it  we  plot  a  cun-e  showing  the  connection  between  the  density  of 
a  substance  and  Ihe  icrapcrature,  the  pressure  being  always  such  ihal  the 
liquid  and  vapour  can  sinmlianeously  exisi,  wc  shall  get  a  rurvc  such  as 
that  i^ven  for  carbon  dioxide  in  Fig.  187,  Thus  at  a  temperature  of  10' 
carbon  dioxide  may  exist  either  as  a  liquid  liavmg  a  density  of  .II5,  or  as 


S>34] 


The  Critieai  Point 


283 


I  Miunucd  rapcniT  having  a  dciuiiy  of.  14.  A*  Uic  lemperaluiv  riws  ihc 
dnuiljr  of  the  liquid  decreases,  wlijlc  lliat  of  the  salaraltd  tiipniir 
ilKr«iM3  ;  nnH  when  the  rritkal  teinpcruture  ii  ti-achcd,  the  densiiics  of 
the  liiiiud  nnd  vapour  are  equal,  so  thai  the  ciirvci  showing  ihr  dcnsiiy-  of 
the  lifjuid  and  nfthc  vapour  meet  >tlli«  point  Pnt  ihccriiicnl  trmpirrntiirc. 
b  will  be  noticed,  froni  ihe  cuo-c,  how  very  rapidly  the  den.wly  of  the 
liquid  and  of  ihc  vapour  ch-ingi:  near  the  ciiiical  tcmperaiurc.  and  it  will 
be  nndersiood  why  ilw  accurate  dctcnitintiiian  of  the  critical  volume  is 
•odifkHll. 
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CttUtlM  and  Mxihias  have,  however,  shown  thai  if  we  uke  the 
of  (he  dmsiiics  of  (he  liquid  and  uiurat«d  vapour  al  each 
tenpenluiT,  and  plot  (hew  meani  on  the  diagram,  ibc  points  vhtained 
■rin  all  tiv  on  a  straight  line  (gr.  Fig.  187)  which  puses  through  tb« 
critical  point  v.  Tbtu  by  drawinn  th«  denwiy  cnnc,  awl  pmducin); 
the  dUmriral  iltaicht  line  to  cul  it,  wc  obtain  (he  density  at  the 
CTiti^'al  poinl,  fmtn  whi^h,  of  courM'i  the  rrittcal  vnluine  can  at  once 
h*  calculated. 

2S4.  Van  der  Woals's  Equation  connoctlng  the  Pressor*. 
Volume,  and  Tenip«raturo  Df  a  Fluid.  —  When  connderinK  the 
Vinnir  theon*  of  g.iMt  tn  §  14;.  wc  >Iioit«d  that  tf  V  \%  the  mean 
•  cloctiy  of  (be  molectiki,/  tlic  prcsutre  to  which  the  tpu  k  subjocied. 
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ftnd  I'  iho  valunie  occupied  by  unit  tiuus  of  the  gai,  then,  since  the 
density  b  eqtuil  to  1,1',  we  bavo 

and  that,  ir  Boyle's  Inw  i«  (rue,  it  fbllom  that  KIs  cmutanl  at  nny  given 
icmperaiurc 

If  7*  n  tJie  absolute  icmpcrittuic  of  the  ru,  ihcn  hy  Ch:iik»'«  bw 
(5  l97)/t'  =  A"r,  where  H  \i  »  cQnttanl  depending!  on  the  n^lurc  of  the 
^Af±.    Combining  tliii  le^ult  »itb  (lie  one  yasi  obtained,  we  x^i 

In  other  words,  the  mean  velocity  of  the  molcculi^s  of  a  gas  is  directly 
proporiional  to  the  square  loui  of  the  abaotuie  temperature. 

Kow,  in  obtamtng  the  equation  ir»=/i',  we  supposed  that  the 
niole<nilcx  cxertid  m  atiraciion  or  rcpuKion  on  one  another  between 
iheir  Kucrcuivc  inipacti,  and,  furlhcr,  we  ncBtctted  ihe  sixe  of  the  mole- 
cules. Takinji  inln  account  the  sire  of  the  n>olcculci  and  a  possible 
aitnciion  which  the  molecules  iiiiglii  eiert  on  uJie  another,  and  which 
would  Im;  very  similar  to  that  we  have  iissumed  lo  esisl  in  the  case  iif 
liquids  when  dcalinK  wiih  capill-nrj-  phenomena  (§  157),  Van  der  W.-uiU 
calcnlaled  the  value  of  ihc  mean  vclocily  irf  the  molecules,  and  henrc 
deduced  aneiquationshowingihc  relation  between ^,r',and  7',whichshouM 
corresponi]  to  the  e(|Uatiou  >^'  =  A'/' iliai  applies  in  the  ease  of  perfeti 
i;ascs.  His  calculations  showed  that  the  eflect  of  the  atitaclious  bem-wn 
ihc  mnleculet  was  to  add  a  tenn  to  fi.  and  he  took  it  lo  be  of  the  Inrm 
<i,)7'),  where  <i  is  a  constant.  The  effeci  of  the  linite  sixe  of  the  molecules 
was  to  virtually  diminish  the  volume, f, in  which  the  moleailcs  can  nimc 
by  a  constant  amount  t.     His  modified  equation  then  took  the  form 


(>»+^)(^-*)-^7-. 


At  the  absolute  rero,  where  T—0,  ii  follow*  thalr-i,  for /Sand  -3  must 

both  be  positive,  and  hence/  +^  cannot  be  tero.     Thus  6  represents 

■he  miniruum  volunw  a  gas  can  he  made  to  occupy.  If  v  is  very  ^real, 
r>.  the  gas  is  far  removed  from  iis  condensing  point,  the  quantity  ajf^  is 
excessively  sm.ill,  and  hen<c  we  (.'ct  the  iclaiion  thai  the  vuluine  of  a  gas 
diminished  b>-  the  constant  i  (which,  since  by  hypothesis  v  is  laryc,  pro- 
duces little  effect)  is  propoitional  10  the  aljsoluie  lemperaturc.  This 
agrees  with  ihc  observed  fact  ihai  a  gas,  when  far  removed  from  its  con- 
densing point,  Iirhsvei  as  a  perfect  gas,  and  obeys  Boyle's  and  Charles's 
laws. 

By  multiplying  through  by  «•*,  Van  der  Waals's  equation  may  be 
written  in  ibc  ibrm 
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StiM  o,  k,  tuid  R  «re  consuntu,  if  we  Utce  tf)«  pressure  and  tenipem- 
tUK  *9  haring  snmc  definite  values  wc  Ka^-e  a  nibic  ettuntion  fr-oni  which 
to  find  V.  It  is  sivown,  in  books  on  ihe  theory  of  ciiuHtiont,  iliai  a  tiibic 
cqoalion  muse  ncccuarily  have  eillier  one  or  ihrec  trj!  roui».  Hence  we 
must  Iiav«  ciiher  one  or  iliree  values  of  v  corre:ipon(liiig  in  ^'ivi>n  values 
of/  ;Ln(l  T.  In  an  iiijibeimal  curve  T  n  constant,  m)  ih^t  u  line  drairn 
gxtrAilcI  to  tlie  itiii  of  volumes,  :tu(l  therefore  cocmpuniiin^  <o  a  canciant 
preHurc,  xrataX  cut  the  isoiberinul  in  eiihor  one  plaee  or  ibrec  plarcs. 
Thus  the  line  pyp(  (Fig.  i8tt}  cul!>  the  boiherninl  for  a  tetnpctaturc  t,  at 


VOLUME 

one  plate  only,  f ,.  TKe  line  /|A'>  however,  if  tre  assume  Ine  truth  of 
James  niacnson's  hypothesis  (|  231).  ctit*  tlic  iwilictnial  at  three  points 
fj,?»and  q^  Aswecnnsider  iKilbctmaU  ivearcrand  nrnrertoiheniticnl 
pnint  V-,  the  three  pouilile  valuct  for  ihc  volomc  f[^i  nearer  and  neater, 
and  ai  the  critirvil  point  R  Ibey  coincide.  Foi  all  tcnipcraiures  above  the 
rrtiical  temperature  ll>ere  it  ogly  one  possible  value  of  ihc  volume.  At 
ibe  eritieat  point  I!  the  three  rrrota  of  the  cubic  equation  are  alt  real  and 
are  equal  Krom  lhi»  condition  It  can  be  iliown.  if/,.  v„  and  T,  are  \*-t 
critical  pecsmie,  volume,  and  tcmpemturv  respectively,  that 
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Hence,  since  the  values  of  the  contianis  a  and  i  can  be  obtained  from 
the  deviations  of  a  ga*  from  Bo>-le's  law,  we  can  calculate  the  critical  coiv- 
■laon  of  a  fp*  from  the  obMrvalion*  oa  the  deviations  from  this  law. 


ir  the  prcssuiv  (ff\  volume  (4,).  and  tMnperaiure  (fl)  of  n  subKinnce 
are  incuiiircit  in  ftuciions  ur  niutlij>les  u'  ilic  critical  jMVtisUTe,  vuiitmc,  and 
tMii)>c»lui«,  su  tliat 
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Sul»tiluiing  ihc^c  valiKs  in  Van  der  Waals's  equation,  it  rcducM  to 


(-^)«-«4" 


an  cquaiiAH  which  doe*  not  conlain  anjr  consianls,  such  ta  a,6,  and  ^, 
which  drpcnd  on  the  naiuie  or  ih«  subilance,  and  ouglu  iheieforc  10  hold 
good  fur  all  substances,  whatever  their  chemical  naiute. 

Van  dcr  WaaU's  cqiiatinn 
wa.1  obuincd  by  malcing  cer- 
tain aMumptions  which  arc 
probablj' only  approxiniaiely 
iruc.  and  hence  his  equation, 
atlliouj,'!!  or  great  inlereit 
and  undoubtedly  rcprcsenl- 
ing  wiih  a  certain  nmounl  of 
accuracy  liie  tnic  relations, 
iiiu^t  only  be  regarded  as  an 
appiOKJiiiation,  so  that  the 
fuel  that  the  values  deduced 
from  it  do  not  exactly  agree 
with  experiment  is  not  sur- 
prising. 

23&.  Liquefaction  ot 
Gase3.'~lii  Older  to  lit|uefy 
a  ^as,  it  IS  necessary  to  cool 
it  below  its  criiical  tnnpcrii- 
turc,aii(l  the  chief  cUffetcnces 
between  the  met li oils  em- 
ployed for  liquefying  those 
g-asc^  with  low  critic.il  tcm- 
l>eraiurcs  (the  so-called  pei^ 
inancni  gases)  lies  in  the 
differcni  methods  used  to 
obtain  a  low  icmpcr.iture. 
One  method  of  obinining 
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rIow  enough  icmjierBlure  to  liquefy  oxygen  and  nitrogen  h  that  employed 
by  Wroblcwski.    Slartin){  with  cailwu  dioxide  gas,  which  can  he  liijuefied 
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by  prmswv  flkmc  at  ordiiHiiy  irmpcmtiiTcs,  smcc  the  crilical  temperature 
is  31*,  this  is  Allowed  10  evapotate  quickly  by  reilurin^  die  prrsi^urv,  and 
the  latent  lieat  abwrbcd  by  a  portion  uf  the  liijiiid  ex'aponting  reduces 
the  teropcnMt«  of  the  ronainder  to  such  an  extent  ihat  il  sulidilit^^.  On 
mixing  the  solid  carlxm  dioxide  with  eihc-r,  »  teinpciature  oi  -  77'  C  is 
obtained.  This  Iccipetaturc  is  below  the  criticAl  temperature  of  ethy- 
lene (13*).  M>  that  on  pumping  ethylene ;[as  into*  receiver,  immersed  in 
ihc  solid  carbon  dioxide  and  eiher,  liquid  ethylene  is  produced,  and  can 
be  stored  at  a  iitiuid,  if  the  receiver  is  kept  packed  in  ice.  'llie  liquid 
ethylene  is  patted  ftron  the  receiver  A  (Fig. 
i89),thToiiKh  a  fine  spiral  copper  tube  II,  which 
is  immersed  in  a  bjtih  of  solid  carbon  dioxide 
and  ether.  Tlie  liquid,  cooled  down  to  about 
-70",  ilien  paties  itiio  the  tliin  gbss  test- 
lobe  1^  which  is  surrounded  bj-  another  glass 
ttasA  D,  the  two  cummunicatin};  through  a 
lide-hale  R.  The  tube  F  is  connected  to  an 
exhaatt-pump,  which  dtaws  ofT  rhc  gaseous 
byleite  ai  it  ii  produced.  The  liquid  elhy- 
,  vaporisioK  ragndly,  produces  a  tcnipeia- 
Iste  of  about  -1 50*  C.  The  gas  to  be 
condensed  is  contained  in  a  steel  bottle  o, 
<omptetsed  (o  a  preiaure  of  alnui  300  nimos- 
i;|ibcrcs,  aiMl  is  conducted  bj-  means  of  a  lube 
10  the  UToitfc  fclats  ie«t'tubc  II,  which  is 
'Urraundcd  by  the  boiling  ethylene.  Under 
the  tniheiKe  of  the  low  lempemturc  and  the 
^tngh  pressure  the  |{a*  oondenacs,  and  coUectt 
I  a  liqtiid  in  tlie  bottom  of  the  lube  H.  The 
erature  at  which  condcntaiion  takes  place 
I  obtained  ha-  means  of  n  hydmgen  ihermo- 
1,  a  thermo-cleclrv:  junciiou,  or  platinum 
tier  T.  By  allowing  the  liquid  oxygen 
■hich  foims  in  11  to  evaporate  rapidly,  by 
rnleasu));  ibe  preMure,  or  ci'en  conneoting  O 
with  an  e\haust-pump,  a  yet  lower  tempera- 
tore  can  be  obtained. 

At  an  example  of  another  class  of  apparatus  for  ihc  liquefaction  of 

l|Bms,  wv  may  lake  thai  used  by  Dewar,  and  shosn  in  Fig.  19a    'I'hls 

I  irf  apparatus  depends,  for  the  piuduciion  of  a  low  tempetaitire:,  on 

'  1)ie  fact  that  wl>en  a  gas  evpands  at;aintt  preuure  it  does  work,  and 

henri!  Iieennirs  ronled  (.^  :;2).    Thus  whrn  a  gas  ii  allon-ed  10  escape  into 

ilmoi5)here  fmm  n  recei^'cr,  in  which  it  hat  been  cr>mpic^scd,  it  has 

I  Ibfce  back  tl»e  atmoipltciic  pmaure.  and  in  dnnic  10  becomes  ctMlcd. 

The  ioside  uf  the  app«iaiu»  is  Imt  about  liatf  filled  with  liquid  carbun 
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diuxide  through  the  intct  on  ibc  )eft.  (be  supply  being  re^nlatMl  b^  ibe 
valve  w,  which  ii  worked  bythe  btiul  B  'lliis  litiuid  ran  evaporaic  freely, 
an<l  in  doing  m  beniincs  so  mi>ch  cooted  thni  the  rcniaindcr  votidifies. 
Tlic  oayKcn,  whkh  it  storrd  uii<l<-r  prcsture  in  a  ««el  cylinder,  en(cr«  ibe 
apparatus  by  Uic  right-hand  inlet,  and  pttun  np  Ihrou^li  the  tube  O.  It 
then  pa^^n  round  ihe  tpinil  s,  which  \t  immcrset!  m  lite  solid  carbon 
dioxide,  and  tliu*  letonies  rook'd  lo  nbout  —70'.  Nc»l  the  oxygen 
pasM-s  down  the  spinil  tutie  D  to  the  lube  V,  in  the  >idc  of  whkh  there 
is  a  very  iinall  jcl,  wliich  lan  lie  closed  bylhe  rod  V  and  srrew  \.  'ITie 
compressi-d  </_as  cs'  iipini;  by  this  jel  and  cxiianding  hccmiiei  cooled,  and 
this  cooled  gas  parses  uji,  as  shon-n  by  the  armws,  beive^'n  the  spimli  of 
the  tube  D,  through  which  the  oxygen  is  descending,  and  then  escapes 

into  the  air.  In  its 
passage  np  beio'cen  the 
spirals  the  cooled  o\y* 
gen  cools  the  spirals  and 
the  contained  oxygen,  m 
that  the  oxygen  eicajMng 
at  the  jet  become*  colder 
and  colder.  Each  portion 
of  ovygen  as  it  tr^tvch 
down  the  spiral  ts  cooled 
down  liy  the  escaping  gas 
10  the  I  cm  pc  ml  lire  this 
hai  acquired  by  its  cil> 
pansion  at  the  jel,  and 
ihis  oxygen,  when  ?l  in 
luro  reaches  the  jet  and 
cipandi,  becomes  yet 
further  cooled.  This  re- 
generative process  goes 
on  till  tiie  escaping  gas 
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ai  .the  jet  »  cooled  down  to  it*  liquefying  point,  when  liquid  oxygen 
collects  in  the  vessel  G.  Thit  »'cs»et  is  of  particular  oonsi ruction,  so  a* 
lo  reduce  the  conduclion  of  heat  from  surrounding  objects  10  the 
liquefied  gas  lo  a  iiVmimuin.  It  consist*  of  a  donhlc-walled  glass 
lest  -  tube,  the  spitcc  between  the  walls  beinj;  cvhausici!  to  the 
highest  attainable  vacuum.  In  suth  a  "vacuum  vessel,"  particularly 
if  tliu  outride  is  silvc^red.  so  as  to  be  a  very  bad  :ib!H>iber  of  r.idinnl 
heat  (S  246),  it  is  ptissilile  to  preserve  liquid  air  for  many  hours, 
A  third  method  of  liquefying  such  gases  as  oxygen  and  air  will  be 
described  in  §  354, 

If  oxygen  i.i  caused  to  evaporate  rapidly,  by  connecting  a  closed 
»ssel  containing  the  liquid  to  an  exhaust -pump,  stich  a  low  temperature 
is  obtained  that  the  air  in  contact  with  the  vessel  nontaining  the  boiling 


\ 
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liqirid  oxygen  is  liquciicd  at  ihc  ordinary  pics&uic,  xeA  may  b«  collected 
in  a  vcswl  pbcrd  to  taicli  ii  u^  ii  dii|»  dowiL 

By  allomoK  liydtofcii  whitli  w;ui  oiioled  to  -tO^C,  by  pflssiDK  firat 
ihroti^'h  X  coil  in  a  vcMci  B  I'tlK.  lyi'i  containing  solid  c.iibon  dioxide, 
iScii  ibrauKh  a  coil  in  a  vend  c  coniainin^;  liquid  nir,  whitli  was  caii»cd 
to  boil  rapidly  by  reducing  the  pleasure,  and  iindei  a  pnuure  uf  i^o 
atmoipbcicH  lo  ncapc  through  the  n<iul«  a  of  an  apparatus  somewhat 
timilar  to  that  ihown  in  Fijif.  190,  the  vessel  d  b«inx  itwir  placed  in  a 
■pnoe  kept  hclow  -  wx>*.  liquid  liydroKcii  ha»  boen  found  by  Dewar  to 
collect.  The  liquid  liydrogm  nas  ihtn  cotkded  in  the  funn  of  a  liquid 
even  at  atniotpheric  ptosurea.  By  iniroducing  a  slaas  tube  filled  »ith 
helium  into  tlic  liquid  hydrogen,  a  distinct  dmp  of  li(|uid,  prcittmably 
helium,  formed  in  the  tube.  Tbus  all  the  knovn  K'^oes  have  been  con- 
dcnietl  into  liquidi,  nnd  the  term  "  permanent  gas  '  has  no  nicdninjj. 


CHAPTER    IV 
CONDUCriOS  OP  HBAT 


236.  Transference  or  Heat.~Wheo  itcfinini;  the  higher  oT  two 
tonpcramrei,  w  wtd  iliai  if,  when  two  bodies  ate  brouxhi  near  Cfwh 
other,  he;it  passes  ftom  ihc  onc^  \o  the  oilii-r,  the  one  from  wiiich  ihc  heal 
p.-tt^cs  ii  snid  to  have  the  hinlx^r  lemperature.  We  hnve  now  locoRMdcr 
ihc  lau't  thai  x^vctn  the  paKUjjc  of  heal  IVniii  one  body  lo  another 
Heat  nuiy  be  propji^lcd  in  ihicc  way*.  In  the  I1i»t  place,  heui  may 
travel  froD)  one  portion  of  matter  to  another  by  what  ii>  called  puliation, 
and  in  thii  proiiejs  the  iranffercnce  cau  take  place  without  t)ie  interven- 
tiuii  of  matter.'  It  is  by  radiation  iliai  hem  (and  light)  reach  u»  fmm  the 
sun.  In  the  second  plaev,  heat  may  be  prupax-ited  by  the  nrlual  visible 
transference  of  matter,  as  in  tlie  taie  when  a  building  is  healed  by  the 
flow  of  lioi  water  through  pipes.  Thi«  method  of  propagation  is  called 
iOKv^i-tion.  Tlilidly,  heat  may  be  propagated  by  iomiictUm.  In  (hii 
case  the  heat  is  conveyed  by  matter,  but  no  xisilile  motion  of  the  matter 
iiicif  lakes  place  ;  the  heat  is  usually  considered  as  propagated  by  the 
wArnier  molecules  healint;  the  nFJ^hlmtirinj;  colder  molecules,  xnd  so  on. 
Thus,  when  one  end  of  a  metal  rod  is  placed  in  a  flame  and  the  other  it 
pWed  ill  melting  ice,  it  is  found  that  heal  i«  rondurted  along:  the  rod, 
causing  the  ire  to  be  niclicd. 

237.  Conduction.  In  order  lo  define  the  condtictivity  for  heal  of  x 
liody,  let  u»  suppose  we  had  a  slab  of  the  material  of  thickness  d,  with 
parallel  faces  each  of  area  ■  f,  and  that  the  o|>pusite  faces  are  kcjit  at  the 
lempcrjtures  /,  and  /,  respcelivcly.  Thtn  heat  will  Ijc  conducted  by  the 
iiialerial  of  the  slab  from  one  face  to  the  other.  Let  y  unils  of  hejit  pass 
from  one  tasx  to  the  other  through  the  slab  in  a  time  t.  Then  it  13 
found  that 

where  i  is  a  cimsiant  for  any  one  substance,  inde|>endcnt  of  the  thick- 
ness, area  of  the  faces,  and  the  difference  of  temperature  (so  long  as  this 
is  not  too  great),  but  varies  from  one  substance  to  another.  If  we  make 
each  of  the  quantities  /(,  il,  t,  and  the  difTercnce  of  icmperniiirc  (/,  -/,) 
unity,  we  have  that  k  is  eijual  to  ihc  tiuaniity  of  heat  which  would  pass 

I  Wlwn  conHderioR  Ih-  s»b|ec<  of  liKtil.  hi;  shall  show  ihni  the  energy.  In  ihe  OJ* 
of  ndiiun  heat.  11  propiitpitiii  tiy  n  inivti  ninliein  in  ihr  rllii->. 
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beturven  the  opponte  fnoet  of  n  ilab  of  ihe  ntaterial  of  unit  area  and  of 
unit  ihickncM  in  unit  time,  wbcn  Th«  t<rmpenilam  of  (he  fncrs  AWri  by 
unil)-.  The  <{»antily  i  \t  cillnl  the  thermal emttbieth'ity  of  ilic  siilisUncc 
The  diflcicnize  of  icmpeifttiirc  between  the  faces  (')--''i)i  divided  by 
ihc  thickness,  ^ivcs  tli«  change  of  icmpenttutc  per  unit  Icn^-th  in  the 
direction  in  "hiih  tlic  licat  b  flowing,  and  ia  tailed  the  tcmptrjturc 
gnidient.  The  rale  al  which  the  tcrnpcraiure  of  a  Iwdy,  say  a  metal  rod, 
riies  wlien  it  is  healed  at  one  end,  depends  ni>l  only  on  tbe  conductivity 
of  the  material,  but  a]>o  on  Ihe  specific  lieat  Let  c  be  tlic  ipcciBc  heat 
of  the  material  and  p  in  density,  then  the  heat  reciuircd  to  niiic  the  1cm- 
pcnilute  of  unit  volunic  ihroiij;!)  one  decree  is  ffi.  Now  the  thermal 
troiuliiclivjly  i  if  the  quanlily  of  hral  which  would  pnss  ihrnu^h  a  sUb  of 
the  material  of  unit  thiikncM  and  unit  ciom  section,  in  unit  time,  when 
the  tcjiipciam-esof  the  two  faces  differ  by  one  degree.  This  quantity  of 
heat  would  raiM  the  tenipcraiurc  of  iiiiit  volinnc  of  the  material  tluough 
r  wbete  /  is  given  by  tlic  equation 
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Tlie  qiHKient  kkfi,  or  llie  coefficient  of  conductivity  divided  by  live  titat 
required  In  rai»e  Ibc  Icmpcmture  of  unit  volume  thmugli  one  (le|;ree,  is 
culled  th«  diffuiiviljf  or  coefficient  of  UunriBmtlric  eondueSh'ity  of  Ibe 
Dialcrial- 

238.  Tho  Heunrvntnt  of  th«  Conductivity  of  Solids.    If  one 

end  of  a  lonj;  bar  ii  heated,  anil  a  sciie*  of  ihcimoniricn  arc  placed  in 

unatl  boles  drilled   in  ihc  bar,  the  readings  of  the  Ilierrnoinctcrs  will 

increase.    The  themwrnctcr  neareit  Ihc  heated  end  will  rise  first,  llie 

oliien  foltov'ing  in  tacceuion.    After  a  time  the  tcmperaiure  of  all  pnrti 

of  the  bar  will  become  constant,  but  diminiihiRt;  gradually  from   th« 

hcstled  end  to  the  olli«r  end.     When  this  occur*,  llic  beat  supplied  to  the 

■  bar  M  the  hot  end  during  each  second  is  exactly  cqtuil  lo  thai  lost  by 

iron  and  cuodtictioa  from  the  vidcit  and  iIm  cold  end.     Lot  a  cuivt 

I  (Fig.  iw)  be  drawn  Mich  that  ilie  alutissa.-  represent  distance*  along 

'  htr,  mciuurcd  fiucn  the  beated  end,  and  the  otdinatcs  represent  tlie 

nrrctpondinx  temper.itum.     If  we  cunxi<!er  two  croix  xectioni  of  the 

fcbu  at  M  and  a,  the  lempernlarct  at  these  points  bcint;  rc|)rcsenled  by 

lllR  aod  \s,  the  difference  in  tcmpeiatJirc  between  these  Iwo  scctioRB  W 

fCqual  to  UK  -  \ii  or  lo  KP,     Of  the  heat  which  crosses  the  section  of  the 

h*r  at  M,  pan  i*  coiwluctcd  on  and  crosses  the  section  at  N,  while  the 

test  ia  tadtatcd  from  ihe  outside  sur&co  of  llw  bar  between  the  two 

fccunitk     Itf  lakini;  the  tbsunce  MM  bcKrcen  the  two  sociions  HifBclcndy 

,  ibe  quantity  of  heat  Imt  by  radiation  from  the  «dgcs  of  this  Kmnll 

of  \he  bar  bears  so  smalt  a  pioporiiun  to  the  beat  conduited 

'  iliruugh  the  Mciion,  ibai  ire  may  nctjlcct  it.    AbO)  aioce  the  potnl*  R 
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^and  s  are  so  near  lo^'clber,  we  may  tnkc  ibc  lempetaiurc  coni-e  bciwrni 
ihew  poiiiii  ui  bein^  a  atraiKhi  line  lanitctitial  to  the  cun^.  ilciHc  if 
A  b  the  KKsk  of  cn>M  »Kiion  of  ibc  Mr,  and  t  ibe  candoctirity  of  ibc 
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material  of  which  (he  bar  is  composed,  we  have  thai  ihe  quantily  of  htal 
Q  which  pavit-^i  through  llic  teciion  MN  in  unit  time  is  [jiven  by 


Q=kAS.- 
UN 


44 

ith  T 


If  the  langcnt  to  the  temperature  ctinc  ai  R  or  s  makes  an  «nglc  ■■  with 
the  axis  of  A',  iben,  since  MN  —  PS.  «'c  b.n-e 

Hence  (3='^-^  '^n  «■ 

If  ihc  bur  is  sufficiently  long,  ihcrp  will  be  some  point  L  which  is  at 
the  same  trmperamrc  as  the  sunoiiniiinK  aii,  then  all  iIk:  licat  whicli 
passes  iliroush  the  scciion  mm  most  be  lost  by  [adinilon  from  ilii.'  surface 
of  ibi;  bar  between  N  and  1_  Hence  if  wc  can  meiuurc  the  beat  lost  by 
radiation  by  the  poriion  H{.  of  the  bar,  we  shall  know  Q;  and  then  from 
the  cross  section,  A,  nf  the  bar  and  the  an^le,  a,  made  by  ibe  lanxent  to 
the  teniperatuic  curve  at  N,  wiih  Ibe  axis,  we  ain  calculate  the  con- 
duclivily  H. 

\n  order  to  determine  the  heat  lost  by  radiation,  a  separate  experi- 
ment i)  made,  in  which  a  short  bar  of  the  same  material,  nnd  havinj;  its 
surface  in  the  same  condition  as  thai  of  the  long  bar,  ii  heated  nnifonnly 
lo  a  temperature  slightly  higher  than  thai  at  the  pnint  N,  and  is  then 
allowed  to  cool  by  radiation,  the  icmpcmtiirc  hcinK  read  at  shori  inter- 
vals by  means  of  a  thermometer  placed  in  a  small  recess  in  the  bar. 
Knowing  the  specific  heat  uf  the  niaieiial  and  the  mass  »f  ibis  short  l>ar, 
the  quantity  of  beat  lost  in  one  second  by  unit  length  of  the  bur  at  dif- 
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(mm  iempenitui«s  can  be  obtained  in  ihe  same  u-a>-  as  was  tlooc  in  the 
ease  of  tlie  calorimeler  in  §  Joi.  Hciit*  the  (|ti:inliiy  of  heal  lost  by  each 
unit  of  lenglh  ot  Ihe  firat  bar  betu«vD  n  and  I.  per  unit  lime  ai  its  icm- 
peiattire,  as  given  liy  the  lempcnituic  curve,  ciin  be  obtained,  niul  the  sum 
orthe»c  quaniiiics  of  heat  j^vos  Q. 

Ek|>:iimcniin);  by  this  mt^lhod,  Forbc*  cihlaincd  o-ioj  IVir  tbc  con- 
dan  ivity  of  wnrnf-ht  iron  MO*,  nnd  a.i;7at  too'. 

In  order  to  compare  the  relative  conductivities  of  bars,  use  is  made 
of  ihe  relation  ihni  ilie  coiiduciiviiie^  ate  proporiionnl  to  the  squares  uf 
the  distances  of  points  of  e<jual  temperature  from  the  ^iirix:  of  heat.  In 
order  to  make  the  low  of  heai  from  the  iuriace  of  tlie  bars  ibe  same  in 
all  auet,  they  ntc  eith<T  foaled  «iih  lamp  hiatk  or  electroplated  with 
tili-cr.  In  ihe  c»peruncnts  of  Wiedemann  and  Ftani,oneend  of  the  rods 
t>*f«  heated  lo  too*  in  a  siram  bath,  and  ihc  lemperaiiirc  at  ditfecem 
points  icaa  obtained  by  means  of  a  thermo-ckfiric  jimciion- 

Another  method  of  mea>orini;  ihe  conductivity  of  fairly  yood  conduc- 
lors  of  heat,  xurh  an  metal*  n'hich  can  be  obtained  in  lar);e  pieces,  i» 
iihiurated  diagrammatioally  in  Fin.  tyy.  The  material  to  be  tested  h  in 
Ihe  form  of  a  thick  block  *.    One  face  of  this  block  ctoin  the  circular 

j^pBdof  acyliiMlrica]  steam  rhnmbor  c  This  chamber  b  surrounded  by 
'  •  htfa  cbambrr  «,  and  ihcy  are  both  supplied  »ith  drain  iiibe*,  by 
niWMii  of  which  the  condemed  steam  may  be  drawn  oll^  Tlie  opposite 
liK«  of  A  closes  two  exactly  similar  cylindrical  Imn,  which  are  filled 
•ilh  pounded  ic&  Two  fine  boln  arc  bored  inlo  A  in  planet  parallel  to 
the  (jKcs  to  which  the  cylinders  an  tutached,  and  into  tbew:  Me  iiH«nc4 
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two  ddicjte  theniMiiMleis,  or  ihcrmo-ffcinenw  (§  498),  whkli  servo  K 
'^Bueuure  the  diHerencu  in  icmperatUTC  betavcB  two  pUnes  in  tlw  niaienil 
at  a  disUnce  d  apait.  Tbe  rniluik  cylinder  ti  preMrt-es  ibe  inwdc 
cyliDikr  from  has  uf  hcstt  by  raduuinn  and  canduciion,  except  an  tbe  face 
in  contaci  with  A.  Hcncr,  jf  U'  \\  the  wcixlit  of  water  collected  at  G  in  a 
LMcond,  this  mean*  thai  wL  ibermal  unitu  have  been  i-otiductcd  into  .1, 
Ilhrough  nn  area  A,  where  /-  i»  tli*  ijtcnt  heai  of  »ieam,  and  A  is  the  area 
enduod  Ity  c.  In  the  untc  way.  if  u-,  is  tbe  weight  of  water  oollectcd 
at  V  per  second,  and  A,  it>  the  Uienl  heat  of  ice^  ■■'t^t  vxma  tA  heat  have 
he«n  ^ivi-n  up  by  an  area  A  of  the  surface  of  the  substance  a.  Now 
if  the  oulMdc  cylinden  e  and  D  are  suflicieiilly  \:iTgt,  SO  as  to  include  a 
wide  annului  of  the  surface  of  A,  the  flow  of  he«t  wiiliin  the  block  will. 
as  indicaiFd  by  tbe  dotted  lines,  be  quite  uniform  between  the  jHirtioQi 
of  the  oppoutG  Mtrfacex  cncloiicd  by  C  and  t  I'hui  all  the  beat  thai 
enlcn  from  c.  aiid  tcaves  to  r  will  tiavd  acrects  an  area  A  in  ihc  plaod 
containinE  the  ihcmMMnclcr^  T,  and  Tf.    Thus 


G-«,/.=«,A.=*^<^i^. 


•O  that  i  can  be  calculated. 

In  the  case  of  bad  cotiductort  of  heat  a  somewhat  liinilnr  method 
employed,  only,  since  these  have  lo  he  taken  ii 
thin  slabi,  it  is  po»ib1e  so  to  nrmniic  niatteis 
that  the  loss  of  heat  by  the  edge  is  very  small 
comfKired  lo  the  ijiuiotity  of  licat  nhitli  pusso 
tlirou);h,  for  in  a  thin  disc  the  arm  of  the 
cj'hmiricat  siirfncc  Ixsirs  only  a  xinall  ratio  li> 
llic  a«»  of  ilic  fares. 

Adini^Tammaiical  section  ofanarrangcmeni 
used  by  I.ces  is  shown  in  Fig.  194.  Two  iliin 
discs  A,  .k'  of  the  material  arc  each  plnced  be- 
tween i"o  copTcr  disc*  B,  B'  nnd  C,  C",  wliile 
the  disoi  It,  B'  arc  fixed  to  tbe  opponte  sides  of 
a  flat  coil  D  of  ini;iUieil  platinoid  wire.  An 
electric  nirrcnl  is  pasted  through  this  coil, 
through  the  wirn  1!,  K.',  and  the  amount  of 
heat  liberated  per  second  is  calcuLiied  from 
the  value  of  the  current  and  the  resistance 
of  the  coil  {§  J93).  A  ver>-  little  glycerine  is 
placed  between  the  discs  a.  a'  and  the  copper 
disca  so  nn  to  insure  gnod  thermal  contact. 
The  cojiprr  discs  are  siich  gond  conductors 

that  the  teinperaiures  as  given  by  the  (hcmio-elcmcnts?",.  Jj.  7\„  7,,**"ch 

fit  iaio  line  holes  drilled  in  these  discs,  may  be  taken  as  l>ring  the  lem. 

peratuics  of  the  fciirfacca  of  the  discs  A,  .v'.    Tlius,  knowing  ilie  quantity 
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of  heal  supplied  to  D,  tlic  lemperaiurcs  uf  ilie  Taccs  uf  ilic  dl^cs  A,  a'  and         ^^^ 
ihcit  tbkkDcucs  and  uieas.  »-c  can  cn1cul;iie  tlie  lliennal  coitductiviiy  a»         ^^H 
iidocc      A  corrcciion  on,  if  nccc^M^tn-,  be  npplieil  for  ihu  loss  i>f  hcjit  by          ^^H 
ibe  e<lf[cs  of  ihc  discc,  and  conduction  along  the  wires  ^  K'  and  tlie        ^^^| 
il>cnno*etcnieni  wires.                                                                                           ^^^| 
The  folloiring  tabic  %\vKi  ili<-  ihcrmal  ronduriivity  of  some  solids  at         ^^H 
ordiiiacy  lonpenuureii :—                                                                                     ^^H 

THRRUAL  CoKt>UCnVlTV  IN  CAtORIBSjCM-SEC                                 ^^| 

Silver     ....     1.096         Marble                            o.<m5                ^^^^ 
Capper  ....     1^41         GUm  .                             000:5              ^^^^ 
Aluminium     .                .    0.344        Cork  ....    OlOOO?              ^^^k 
Iron                                     0^167         Sulphur                       .    000067            ^^H 
Zinc        ....    OJ03         Paraffin                      .    0.00m             ^^H 
Granttc  ....     0.005          Horn  ....    olOd^OQ             ^^^B 

230.  Temperature  of  the  Earth's  Crust.— An  imeivMinK  problem  X         1 
in  connection  with  ihc  coiMtuciiun  of  beat  in  snIicU  \t  fumiilKd  by  the                1 
cniM  of  ihc  eanh.    The  surface  of  ihc  earth  is  nkeinatcly  healed  and         ^^H 
cooled,  and  ihut  u'c  hat-e  a  aeries  of  wa^-eg  of  heat  due  to  the  heating         ^^^ 
duriftg  ibc  day  and  10  the  rnolin^;  during  the  ii>t;ht,  as  well  ni  a  series          ^^H 
due  to  the  heating  during  the  summer  beini;  above  the  avemxe,  and  that  in                ■ 
the  winter  below  lb«  avera{;e.  whith  suirt  at  ihe  lurfate  ami  travel  lowatdt                  1 
ibe  rcntrcofthceaitlt     Tlie  diurnal  wave  is  only  waiihlcai  depths  aj:  or          ^^J 
3  feet,  while  the  atuiual  wave  can  be  traced  to  a  depth  of  about  50  tcct.           ^^^| 

DIUftMAL  VARIATIONS      mav    ibss.    montreai..                    ^H 
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kind  of  change  obtained  at  moderate  depths  by  Callcni 
a  Fig.  195.     The  three  curves  show  the  teinperaiure  lecordi 
meien  placed  at  dcpthi  of  4  inches,  10  inches,  and   m  i 
vety,  below  the  surface  of  (be  ground  at  Montreal,  Canada 

lar  It  ^^^H 

ground  coniisted  of  n  liglit  Itrown  laivdy  mkI  w'ah  mrf  on  the  surface 
It  will  be  iioiic«<l  thai  at  20  inchrs  bdow  ihe  surface  the  diunuil  cliaD^t 
can  liartlly  be  deiccitil 


Fk.  196 

In   Kig.   I'j6  ihe  ine.iii  teinpennure  of  the  air  and  of  the  eaitli  ul 
depths  of  4  inches,  2a  inches,  and  (|  le«t,  uic  |{ivcn  for  ;i  whole  year. 


Comfuetivity  ef  Liquids 

Wliite  the  maximum  air  temp^raiurc  occiira  in  Au^si,  at  a  depth  of 
9  feci  the  uuximum  does  noi  occur  till  early  in  Orlobci. 

The  mean  teinpeniiure  of  ihe  earih's  cnisi  is,  liow«ver,  found  to 
inCTCau'  »ie.vlily  a»  w«  descend.  The  rate  of  increase  with  depth  varies 
very  murh  vHih  the  geoloKicml  condiiiont,  but  amounts  on  ihc  .tverage 
to  abmil  i'  C.  for  n  tUrplh  of  :ti  mnlK^t  or  30  yartU.  Since  heat  alnayi 
flows  from  ptA<cs  of  hi>;h  to  places  of  low  icmpcralure,  this  increasr  of 
(emperaiure  with  tlie  depth  shows  that  ihore  miiM  he  n  conlinuoiis  tlow 
of  heal  from  t)ie  interior  of  the  earth  to  iht-  surface,  and  from  ihu  ton- 
doctivtly  of  the  crutt  and  the  Icraperatuie  n'^*'"''"'  '^if  '"**  of  heat  in 
a  year  can  be  calculated.  Fmm  the  present  mlc  of  Iihh  we  r:in  then 
calciilatc  what  iltc  icmpeiniiiTc  of  tbc  canh  must  have  been  in  timet 
pait.  and  in  this  way  l^rd  KcKin  has  shown  thai  it  cannol  be  more 
than  lookooo^ooo  years  since  the  earth  was  a  mohcn  maM  on  the  ouitidc 
of  which  a  u>ttd  emit  wis  jnat  forming'. 

2W,  The  Measurement  of  the  Conductivity  of  Liquids.— When 
meaMuin);  tlic  conductivity  of  soiiils,  we  are  not  troubled  wilh  convection: 
in  the  case  of  tlukis  Itovcver,  it  is  extremely  iHftiruli  to  arrange  fur  con> 
dnction  to  take  place  unaccompiinied  b)- convection.  When  the  lower  iiirata 
of  a  6uid  are  heated,  ibn  Huid  eA-p;mdi  and  becomes  Ic^s  dense,  ;ind  hence 
■he  healed  poftious  stream  iiplbrongh  the  colder,  which  sink  ti>  the  bolt om. 
These  convection  currents  lend  to  ci]uali>e  ihc  Icmpcrnluin  ihrou^-houl  the 
fluid  mass.  \Mien  a  litjuid  is  healed  at  the  top.  ct>nvcclion  currents  are 
to  a  HTeat  extent  elimiiuited,  and  the  passage  of  lie^t  to  the  lower  strata 
is  excessively  ik>w,  except  in  the  case  uf  mercury  and  inohen  metals. 

Tlw  conductivity  of  waiet  has  been  measured  by  Uotiamley,  usinj;  a 
modification  of  the  form  of  the  experiment  originally  due  to  Doprcii.  The 
water  iseontained  in  a  cylindrical  vessel  A(Fig- 197), 
and  (he  lieat  i*  supplied  by  cenlly  pouring  a  stratum 
q'  hot  water  on  a  wooden  float  placed  »n  the  surface 
of  ibe  water.  Four  lliemiomcicrs,  t„  t^  t^  t,.  are 
p!aced  with  their  bulbs  in  il>c  pmitions  shown. 
The  t"«  theimoinvters  t,  and  T,  give  the  <iiiTcr- 
ence  of  lemperiiiure  of  tlte  facts  of  a  horitontal 
siralum  of  the  lifjuid  of  known  thickneM.  The 
cimntity  of  heat  witich  flows  lhrouj,di  this  stratum 
per  sefond  ii  obtained  by  o)>scr\'in);  tlic  change 
of  temperature  of  the  mats  of  llie  li<iuid  liclow  tlie 
itiatiim,  thi-  Ihcrmomeicr  t,.  tbc  bulb  of  which 
:tendi  from  llie  sirattuii  to  nearly  the  bottom  of 

vessel,  giving  the  mean  temperature.    As  soon 
as  the  wave  of  heat  re.ncbes  ilie  bottom  of  this 
tbcmuimcicf,  as  indicated  by  ll>c  ibcmioraeter  1'„  the  experiraenl , 
■lof)pc*L     In  ihis  n-ay  Dottomley  (b«tnd  tttc  number  0.002  for  lh«  1 
dHClbity  of  water. 
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l.ec«  has  cmploytd  the  (lite  mcihod  dc^critied  in  the  preceding 
Mction  Id  nicviMiic  the  conduciivity  of  liquids  The  liquid  is  cncloccd 
by  na  ebonite  wrtg  fixed  beiween  ihc  discs  a  and  c  (Fit.'.  '94)-  ^ 
correction  is  applied  for  the  conductivity  of  ihe  ring,  and  ihe  disci  are 
placed  tioricontnl,  with  ihe  bnt  side  uf  the  liquid  fitii)  nppennust,  b» 
icduce  the  edeciK  n(  convection  currents. 

The  following  (able  gives  the  th^nnal  con durlivi ties  of  some  liquids:— 

Tbkrmal  CoKDULTivrrv  ok  Liquids  in  Cai.oriks/Cm~Sec. 


Water  .        . 
Glycerine 
Ethyl  Alcohol 


o<xii4 
OJJ007 


Ether    . 
Mercury 
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241,  The  Measurement  of  th«  Conduetlvlty  of  Oases.— The 
dclertni nation  of  ihe  •  oiidiiclivity  of  n  gas  is  a  pioblcin  of  even  nioic 
<liflicully  ihan  the  iiipasurcnicnt  of  ihc  corrcipoiididj;  quantity  in  the 
case  of  a  liquid,  for  convection  lurtenls  play  even  a  mote  prominent  purt 
than  befote,  and  it  is  difficult  to  separate  tlie  cffcci  due  to  conduction 
and  radiation. 

It  follon'E  from  the  kinetic  iheory  of  gnscs,  and  has  been  found  by 
experiment,  that  the  conductivity  of  a  gas  is  indcpc:ndcnl  of  the  pressure 
w>  long  that  this  is  not  reduced  so  much  as  10  make  the  mean  free  path 
{§  j4i)ofiht  molecules  of  appreciable  ma(;oi- 
tude  with  reference  to  the  diincnBions  of  the 
vessel  cnclo'iin);  the  ^m. 

In  ihccxpcrimcnis  made  by  Miiller,using 
a  method  previously  employed  by  Kundt  and 
Warburg,  a  small  spherical  )-lass  ^o\>t  A 
(Fig.  198I,  containing  mercuiy,  is  used  a* 
the  hot  body.  This  globe  fornis  ilic  bulb  of 
a  mercurial  ihtrnionieicr,  on  the  stem  of 
which  there  is  an  cnlarxcmeni  K  that  acts  ns 
a  stopper  to  the  spherical  glass  vessel  C- 
The  air  from  belwcen  a  and  C  can  be  ex- 
hausted through  a  side-tube  l>.  The  whole 
apparatus  having  been  heated  to  a  known 
temperature,  say  100*,  and  Ihe  air  exhausted 
to  the  rc<|uircd  amount,  the  glolic  c  is  plunged 
into  a  vessel  containing  water  which  is  kept 
at  a  known  constant  temperature,  or  into  a 
mixture  of  Ice  and  water.  The  times  taken 
for  llie  thcrmometei  to  fall  through  a  given  interval,  say  10°,  ate  then 
noieiL  Knowing  the  "water  e<iuivalent"  (S  lai)  of  the  thermometer 
bulb  .V,  the  quantity  of  heat  which  must  be  tost  for  the  temperature  (0 
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Conduethnty  of  Gases 


lall  it>'  can  be  cAlnliitxl,  and  liencc  tlie  (puiaiuy  at  heat  which 
fmn  A  to  C  through  the  air  <■  likh  is  enctMcd  between  ibem,  a  knowiL 
Tliia  loss  of  bea.t  may  be  due  to  ibree  causes — (i)  oandactioo,  (i)  nulta- 
lioo,  and  (3)  convection. 

Of  tbe*c  (he  third,  nundy,  thai  due  W  convection,  vane*  willi  the 
preswrr.  Now  ii  it  found  ciperimcnially  tbal.  in  ibc  csm  of  ait,  the 
nue  of  loss  of  beat  by  a,  at  any  given  tccnperatuK,  ilrrri  iwi  as  the 
ptrsMire  is  deci«ased  liU  a  pressure  of  »bOnt  I J  on.  of  mcicury  b 
nsMrhcd,  and  tben  remains  conMani  down  to  a  presanre  of  about  at  (-in. 
Hence  lor  pteMures  between  15  on.  and  o.\  an.  the  la«  oi  beat  due  to 
conTection  currents  is  inappreciable,  and  tbercfore  tbc  observed  naic  of 
1ms  is  due  to  condaclion  and  ndialion  only.  In  order  to  separate  the 
cfiect  of  these  two  canses,  too  methods  have  been  employed.  In  one  of 
ihne  the  Klobe  is  exhausted  10  il>«  be«t  vacuum  obtainable,  particular 
atientiun  being  paid  to  the  removal  of  the  last  traces  of  tnercury  vapour 
from  the  ^lobe.  The  rate  of  losa  of  heat  is  tben  me-a&ured,  at^  since 
there  is  now  pnctiially  no  gm  present,  ilie  Imi  n  taken  lu  teprcscnl  the 
toss  due  10  radiation  only.  Deducting  this  kns  (rom  tbiii  obtained  when 
tbe  pressure  was  about  2  on.,  the  loss  due  to  conductioo  alone  is 
obtained-  As  an  example,  the  times  taken  to  cool  from  i9'>&S  to  jS'.SS 
U  dtfiocBi  prcMBres  were  as  foDows  ;^ 


PicttUiV 
'nmeiocool  I*. 


1.5  cm,     1.0  cm.    a  J  cm.    <xo  cm. 

3.6  sec    3.7  sec.    3.6  set     &x>  see. 


Tbus  at  pitMurcs  of  1.5,  1.0,  and  a$  an,  ibc  rate  of  cooling  was 
constant,  while  at  the  best  attainable  vacuum  it  waa  only  about  half 
as  mucb. 

Anoiber  method  of  aUm-ing  for  the  nuliation  is  to  repeat  the  obnen-a- 
lioas  with  an  tiuiside  vcmcI,  such  as  k,  of  a  diiTercnt  size  to  the  6fst. 
Since  the  thii:fcttc»  of  air  between  ibc  boi  body  and  tbc  walls  of  the 
veaacl  is  difleieni  in  the  two  cases,  Ibc  kMs  of  beat  by  conduction  will 
ba  diflercnL  Tlie  Iom  of  heat  by  radiaiion  wilt,  however,  at  any  eivrn 
tempMWvmi  be  the  aauM  m  before  Kcntc,  bj  tiiakio);  experiments  willt 
outer  irMwb  of  two  M/es,  ihi;  loss  of  beat  by  radiation  laii  be  allowed  for. 

Tlw  coodiKtivitr  of  air  obtained  bv  Muller  was  (xoooos6 ■ 

cni.Bca 

Kundi  nnd  Warburg  found  the  conductivity  of  bydrofim  to  tic  7.1  times 

that  of  air,  and  that  of  carbon  dioxide  0.S9  times.     Cotubininj;  iliCM 

mulls  with  tbe  value  for  air  given  above,  we  have  ;— 


CoKDUcrrviTV  or  Meat  m  Ca^rs. 

Hydrogen  . 
Air  .  . 
Carboo  diosirte  , 
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i*  ■  243. 'The  Spheroidal  State — if  a  metal  ptaio  is  h«*ic«l  to  a 
tcmpcialiire  voy  i  iinsUlciiibly  ahove  loo*  C,  and  b  few  drops  of  walcr 
ate  ihioH-n  on  ii,  ihe«c  do  noi  immediately  boil  away,  as  occun  when 
ihc  trmpcmure  of  ilie  plate  i&  only  a  few  de);reeti  above  loo'.  The 
general  appearance  of  the  dropi  of  n'aier  reiMnble*  that  of  mercury  on 
•A  fi'liiM  dish,  for  if  the  drop*  ar«  stiwll  ihcy  arc  almost  spherical,'  while 
a«  the  iguanlity  of  water  is  increased  they  become  more  and  more 
flallened.  That  evaporation  is  |{oing  on  all  the  time  is  shown  liy 
th«  gradual  diminulion  in  ihe  site  of  the  d[Op&  The  li(|uid  in  ihit 
experiment  is  said  to  be  in  the  spheroidal  stale,  and  ihc  slow  e^•apo^a■ 
tion  is  due  lo  the  fact  Ihat  it  is  noi  in  contact  with  the  hot  metal,  but  is 
teparaiwl  from  it  by  a  thin  layer  of  vapour,  whi^h  is  hcinj;  continually 
renewed  by  cvaponilion  froni  the  lower  sitrfacc  of  ihc  drop.  The 
vapour  being,  like  all  gases,  a  very  bad  tondiicior  of  heal,  the  water 
only  slowly  acx|uirM  lieat  from  the  metal,  while  the  heal  lost,  owing  lo 
Ihc  evaporation  which  is  taking  place  nl  Ihe  under  side,  due  lo  the  latent 
beat  of  vaporisation,  is  sufficient  to  keep  the  Icnijieralurc  of  ih«  drop 
below  ihc  bnilinK-point. 

If  the  drop  i*  jilaccd  on  a  flat  and  level  mclai  plate,  it  is  possible  to 
see  Itciwecn  the  drop  and  ihc  surface  of  the  plaic,  thus  showing  ihat 
there  is  no  tnie  contact  beiween  the  liquid  and  mcial.  The  pbenoiiienun 
is  also  exhihlteil  by  other  liquids,  the  only  tondiiion  being  that  the  metal 
pUtc  must  have  a  temperature  considerably  higher  than  the  ordinatj- 
boiling-poini  of  the  1i<|uid. 

1  The  aphaluil  iliapc  Is  due  lo  ttioction  oliiufacc  tension  (f  15;). 


CHAPTER  V 
RADIAST   HBAT 


248.  Prevost's  Theory  of  Exchanges.— As  ««  hnve  se«n  in  the 
list  leciiun  biit  one,  when  a  hot  boily  is  luspeodcd  Jn  a  ga«,  cooling 
takci  place  iJue  lo  twoJistinct  cauie*.  Id  the  first  place  there  Ik  loss 
of  heat  due  to  coni-etiion  c.urreni»  wl  up  in  the  gas,  ami  to  coniturlioil 
throush  ihe  gas,  both  of  which  depend  on  the  ptCwncc  of  mnlter,  while 
in  the  second  place  heat  is  r;uliate(l  in  all  direclions,  iniicprniiRnt!y  of  Ihe 
prctCDCC  or  atnencc  of  matter,  (lence  the  laienf  r<inIin;.'drpen<tson  two 
Ct  Icims,  one  due  to  convection  ami  rniidiKiioii,  and  the  other  lo 
■diatton.  In  the  oisc  of  convection,  the  heat  energy  is  ronvcycd  by  ibe 
rlrculaiioR  of  compatrtiively  huge  groups  of  molcctUes  nt  the  highet 
temperature,  all  moving  log  ether,  while  in  conduction  the  energy  ii  handed 
oa  fcam  molecule  to  molecule,  owing  (u  their  impacts.  In  radiation 
the  energy  is  conveyed  by  waves  »et  up  in  ihc  Iitminifctoiix  ether  hy 
|i1he  vibtution*  of  ihe  heated  molecules,  or  mther  atoms  within  ihc 
nolcctiic*.  While  In  ihecaic  nf  convection  and  condiiciion  ihe  medium 
linxagh  which  the  heal  is  propagated  becomes  hcaicd,  this  is  not 
ce>«iily  the  case  wilh  radiation.  Tlius  the  radiant  heat  which 
the  eaith  from  ihc  sun  docs  not  heat  the  intervening  inter- 
ilsnetary  space,  [f  tlie  body  is  suspended  in  n  vacuum,  then  we  havo 
ily  to  ileal  wiili  radiation.  SuppiMc,  therefore,  that  we  have  a  ifssci 
which  is  Irec  from  air,  and  the  vulls  of  which  are  kept  at  a  i:onstani 
temperaiuie  by  the  vessel  being  iiiimctscd  in  a  water  bath,  and  that  we 
iatmdure  into  tliit  lessel  a  bully  at  a  higher  temperatnre  tlian  the  wall* 
of  the  vesseL  ITixtcr  ittc^ie  circumstatures  the  hot  body  will  Iok;  heat  by 
D,  and  (hie  passage  of  heat  from  tile  hot  t>ndy  to  the  watts  will 
tlH  iu  lempemtkiro  becomes  tl>c  sanic  as  that  of  the  walls, 
aio,  if  a  body  at  a  lower  temperature  be  introduced,  heat  will  be 
rndiated  by  the  walls  to  the  body,  and  its  Icmperaiurc  will  rise  till 
equality  of  tcmprtalun;  is  readied.  If,  now,  the  body  n  removed  from 
Ihe  endosare  and  placisl  in  an  enclosure  at  a  lowrer  tempcnture,  its 
icniperaiure  will  iinnieiliatcty  l)egin  to  tall,  and  it  will  commence  lo  lose 
beat  by  nulialion.  Since,  thetcditc,  tlicre  can  be  no  propeny  in  the  walls 
of  the  new  cncknure  which  wnukl  enable  them,  when  there  is  no  tnaietial 
(I  :i  between  llwm  and  the  body,  to  cause  the  body  to  start 

t  oc  tnnclude  that  the  body  is  riMliaiing  all  the  lime,  but  that 

Kbeii  lis  lempcralurc  remains  convtani  it  is  gaining  juM  as  much  cneigy. 
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due  to  ili«  nuiialion  rroin  lli«  walls  of  (he  eoclMure,  »i  it  u  ttttelf 
Tadiuting.  ArKuing  in  tbis  ii>^y,  Picviut  pit>[>ound«<I  what  ii  known  at 
Prevost's  theory  of  exchanges.  According  to  tbii  ihcory,  all  bodie*  are 
always  radialing  Ileal,  an<t  the  rf.uon  the  lempetatuic  of  tlie  body  in  the 
aboi'c  eciniplcs  bvcoiii»  itatiuiiaiy  is  that,  when  ihe  temperatures  of  tbe 
body-  and  of  the  cnclosuiv  are  equal,  the  amount  of  lieat  radiated  by 
llic  iKid)'  is  just  equal  to  the  amount  it  rcccivus,  due  io  the  mdintion  of 
Ui«  walls  of  ihe  cncUisurc. 

244.  Iiuitrumenta  for  Measuring'  Radiant  Heat.— When  radiant 
heat  of  any  wnve-lenfith  (S  =6^)  i*  Abwirbcd  by  n  body,  the  energy  of  ilw 
nidiiilioii  is  converted  inio  hcvti.  and  the  trmpcrature  of  the  body  risn. 
Hence  aiiiuc.at  h«  shall  m«,  we  can  deduc«,  from  ibc  rise  in  tnupcralure 
of  the  body,  tbe  energy  which  inuM  have  bocn  cunvciled  inlo  heat  to 
produce  Ibis  rise  in  icinptraiure,  if  it  utre  possible  to  prcpiirc  a  body 
which  was  a  pctfcct  alnorbcr  of  radiation  of  all  wave-lent.*th»,  Ihe 
measurement  of  its  rise  in  tcnipenilurc  would  give  llic  energy  of  ilic 
incident  raiiialion.  Allliough  no  inch  perfectly  bLick  Imdy  it  known, 
yet  a  surface  roalcd  with  lamp  hiark  or  platimim-btnck  aiHjiithK  such 
a  Xaxffi  proportion  of  the  incident  radiation  of  all  wavcdcngths  as  to 
ftufRcienily  iieady  fulfil  the  conditions  for  practical  purposM.  The 
variciu»  iniitrumcnis  which  have  been  devised  for  measuring  nidiatioD 
differ  from  one  another  in  the  way  in  which  the  ri«!  in  temperature  of 
iho  blackened  body,  on  which  ihc  radiniion  falU.  is  measured. 

Tlie  oldest  nrrangcment  i";  ihp  thennopilc, which  consisl^ofa  number 
of  biiTs,  alternalcly  of  aniimony  and  bismulli,  soldered  lo^rether  in  strnes. 
The  liars  arc  so  amtnged  that  llio  alternate  Ji.ini:iiun«  b(.■lu^■en  Ihe  two 
tncialn  ore  near  toj-ether,  as  shown  diagratnmaiically  in  Kig.  lyg,  tome 
insulating  material,  such  as  uiicn,  separating  the  adjacent  bars.      The 

Junctions  of  the  bars  ate  coaled  with  lamp- 
black, to  that  «'hcn  radiation  is  allowed  lo 
fall  on  the  end  of  ihc  ihcnnopilc  it  it  ab- 
sorbed, and  thus  the  leinpcr.iiure  of  the 
junctions  js  mised.  Now  when  The  alter- 
nate junctions  of  such  an  nrrangetncnt  of 
melnls  are  healed,  and  tliceniUof  the  scries 
arc  conncctwl  lo  a  galvanomeiet  G,  an  cleclric  current  i*  produced,  which 
causes  the  galvanometer  to  be  dedccted.  The  magniludc  of  the  current, 
and  therefore  also  of  the  gnlvanomcttr  dellcction,  depend*  on  iho 
amount  by  which  the  t«npcr.»iurc  of  tbe  fa<;c  of  the  ihermopile  on  which 
ihc  radiation  fallse^cccdsihat  of  the  other  face.  Hence  ihc  nalvanomeler 
dct^cciion  is  a  measure  of  the  rise  of  tcmpeialurc  of  the  fac«,  and  also 
of  the  energy  of  the  incident  radiation.  As  the  mass  of  metal  in  an 
ordinary  Ihe rmopi 1 1  is  very  considerable,  the  rise  in  teniper.iiuic  prcHluced 
by  the  conversion  of  a  small  quantity  of  radiation  into  heat  is  very  small, 
and  so  the  armngcmcnt  is  not  very  sensitive,  and  is  tinsuilcd  for 
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■neastirinK  unatl  qtianii[i<^«  of  mdiaiion-a  A  modrfied  fbnn  of  ihcrmiypilf , 
in  which  the  thermopile  and  galvaiiometcr  are  combined  in  a  single 
iitstTumcur,  hat  been  de«ign«d  by  Ihiys,  nnd  it  called  a  raitio-micranieicr. 
The  ihcrmopik  piopci  rnnsiM«  of  two  txtcssivcly  small  bars  of  anlimony 
aod  bJMnulh,  which  nro  soldncd  to  thf  fdge  of  a  pUie  of  bbclccned 
copper  alxiui  1  mm.  iiquarr,  whitti  receives  the  rjdiaiion.  Tlie  oihcr 
enilc  <A  the  antimony  and  bismulli  bars  .tri-  ioldered  lo  n  light  <r(ipper 
loop,  which  i»  siupetided  by  a  vcr)-  line  quarU  fibre  bctwcc-n  Ihc  pole*  of 
a  powerful  maiinei.  When  the  copper  pl;ite  ii  hciied  by  ihe  niHiaiion,  a 
iheimo-ekctric  turtcnt  of  eleciridly  \\  set  up  in  the  copper  circuit,  which 
tbcrcfOfc  tend*  to  turn  and  set  Itwif  at  right  nnt;lcf  to  the  lines  of  force 
of  ihc  magnet  (S  510).  Thus  from  ih«  delleciion  of  llir  circuli,  ai 
shown  by  a  beam  of  light  reRecicd  from  an  attached  iniiror.  the  rise  in 
temperature  of  ilie  copper,  and  hence  the  amount  of  ihe  incident  radiation, 
can  be  (teienniaed 

An  instrument  in  which  the  ri»e  in  temperature  of  a  blackened  meial 
strip  U  meaiurcd  in  another  way  i<  ihe  bolometer  int-cnied  by  t^angley. 
The  thin  strip  of  hinckrned  roclal  forms  one  of  the  arms  of  n  Wheat- 
■tone's  bridge  (g  488),  aivd  «hcn  the  tcmpcraiuic  rise*  tt>e  resisiance  of 
this  strip  incrtases.  tio  1h.11  if  before  the  rise  in  tctiipcraiure  Ihe  gatva- 
notttetcr  was  undeAeaed,  this  incceaw  of  resiitance  of  one  arm  will  upset 
the  balance  of  the  bridge,  and  the  galvanometer  wilJ  be  dctlc<-icd.  The 
intensity  oif  the  radiation  wbii-h  fall*  on  the  ilrip  will  then  be  pra- 
ponioiul  lo  the  |ra}vatM>n>ctcr  deDc<-lion,  at  any  r.iie  if  ihc  delkdion  is 
nut  very  grejit 

246*.  Eqiiftlltr  of  Ute  Emissive  and  AtaorpUvs  Powers  of  a 
Bo4y> — By  the  aInorlHnt;  pon-cr  of  a  IxHiy  ifi  mcani  the  fianion  of  the 
incident  radintkm  wliich  a  Ixidy  is  able  to  absorb.  It  has  been  found 
by  espcrimcnc,  and  ««  shall  deal  with  ihis  subject  later  (§  146X  that  a 
surface  coated  uiih  lamp-blnck  is  capable  of  ab»oibing  practically  all  (he 
heat  energy  which  falls  on  it,  and  lience  113  absorptive  power  is  unity.* 
A  body  of  which  tlie  absoipiire  power  Li  unity  is  often  called  a  "ptrftttSf 
tbuk"  body.  The  incident  energy  whkh  ii  nut  abiHttbed  b>-  a  body 
b,  if  we  confine  our  attention  to  opaque  Indies,  tcdeclrd.  Thuii  if  a 
<|tiantiiy  ti  of  radiant  heat  energy  is  incident  on  a  surface  of  n'liich  the 
afawrpiive  pnwer  is  ti,  the  quantity  of  energy  absorbed  is  «£,  and  the 
qaantity  rrflrcied  is  E[\  -n). 

By  ihc  emi»ivc  power  of  a  body  is  tneaul  live  ratio  of  the  quantity  of 
heat  energy  em"ted  b)-  one  «|uare  ccnlin»etra  of  its  surface,  under  gifen 
condilioni,  to  the  i|uantity  emitted  under  the  same  conditions  by  one 
*i(U3in  ircnrimclre  of  a  body  aS  which  the  absorptive  power  it  unity 
(piairiically,  lamp-black  is  taken  as  tbc  staiKtard). 

.SuppoM  thai  we  hare  a  body  ^1,  of  which  the  absorptive  pow«r  b 

■  Sbioa  trjJ'eaanot  •bufbrnMchniilUB  ii  inddsiton  H.  nnbodyon 
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antty,  so  that  its  «nni»ivc  pn««r  is  alto  unity,  enclAsed  tn  an  enclosurf. 
and  ihnt  the  abwHplivtr  power  of  iIk  walls  oC  this  cnclosuit  ii  ■*,  the 
eini»it-c  povrcr  being  i-,  and  the  area  of  its  »itr&ce  S.  L«t  tli«  Ian- 
pcntiurc  beconiir  the  saiiic  thnniKhoui,  »o  tbat,  ^Kcording  to  l'r«vo>l's 
theory,  the  qiianiit)'  of  licai  radintvd  by  the  body  A  is  vqual  (o  the  heal 
received  from  tlw;  endomre.  Let  A  lose  A'  uuiis  of  heat  by  raduitkHi 
per  second  Ttmn  ilie  walU  of  tite  «itlo»arc  will  abootb  En  uniig,  anil 
«:llcct  Ail  -a)  unil5  per  jetontl.  Tliii  heat  rctlcct«i  from  the  cnciosuTc 
will  be  cmnpieiely  ab.iotbcd  by  the  body  A,  iint:c  ii^  absorptive  pou'«r  ie 
unity.  Hence  in  unit  time  the  body  A  will  lose  a  qtHniily  of  h«t 
E-F.{\  -a)  01  F.a;  and  since  \\s  Icmperaluic  rcinsiins  coiutani,  Ibi* 
meaas  that  the  enclosure  must  radi.nc  F.a  unit*  which  arc  absorbed  by 
A.  Now  MHcc  the  atra  of  the  enclosure  is  S,  the  radiation  per  H|uare 
ccnlimctn;  is  Fa.S.  If. howci*t,  the  enclosure  had  been  perfectly  Mack, 
it  uoulfl  have  abiorbed  E  and  mdiaii^d  t.  Hence  the  heat  emitted  per 
«liiare  centimetre  would  have  been  E\S.  Now  the  emissive  poncr  (  it 
the  ratio  of  the  actual  cmis»on  to  the  emission  »f  a.  sinillarly  situated 
pcrfAaly  black  surface.    Thus 

In  other  words,  the  emissive  power  is  equal  tn  ihc  abKUptivc  pow«r. 
Although  wv  have  proved  tliis  relation  as  a  dcduciioD  from  Prti-mt's 
theory  of  exchan^ett,  »«  shall  in  the  following  section  describe  the 

mt-thixis  by  Mliich  it  can  be  proved  tx|>«ri  men  tally. 

246*.  Measurement  of  the  CoefDclents  of  Absorption  and 
Emission.  — In  the  preccdinf;  acciion  «*c  have  considered  how  the  co- 
cflicicnii  of  abscirpiion  and  emission  of  radiant  heat  are  defined,  and  we 
miw  proceed  to  consider  how  ihe^e  quamiiiei  arc  measured  eMpcrimeoi- 
ally.  Since  the  char.icii-r  of  the  radiAlion  etiiiiied  by  a  body  is  often 
ipiite  different  from  the  chaiacicr  of  the  mdi.-vlion  absorbed— thus  lamp- 
black absorbs  li^ht  but  only  emits  invisible  heal  rays,  at  any  rate  ax 
ordinary  lemperaiures,  some  method  of  mciisunnj^  the  intensity  of  the 
radiation  has  to  be  adopted  which  takes  account  of  the  radiation  whattvcr 
the  wave-knKtIi.  The  only  way  of  doing  this  is  to  measure  the  radiation 
by  the  rise  in  temperature  it  will  produce  in  a  body  which  absorbs  all 
kinds  of  radiation  ttjualiy  well,  so  [hnt  nc  in  this  way  mc-isurc  the  total 
ener^cy  corretpondinx  tn  tlic  rftdintion  of  all  n-avc-lcngths.  Of  course  it 
would  he  better  to  employ  a  body  which  would  absorb  (he  xuhett  of  the 
radiation,  hut  n«  such  body  exists,  Lamp-black,  alihoiii.;h  it  docs  not 
absorb  quite  the  whole  of  tlie  incident  radiation,  yet  possesses  the  pro- 
perty of  absorbing  very  nearly,  if  not  qitiie,  the  same  pioporrion  of  the 
incident  radiation  whate\'cr  the  wavc-leii^'ih,  and  so  tliis  ^ubslancc  Is 
taken  ats  a  standard. 

In  a  seriea  of  capcriinents  on  the  absorbing  power  of  upaijuc  1>odie% 
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Pcuvusuye  aiBd  Dcwiinn  uwd  n  ibcrmmntier  halh,  which  uas  coaled  ^n 

tuni  with  (he  inrious  stibsianccs,  to  ni«isiire  <hc  nuHniJon  absorbed. 

The  incident  nidiatitm  was  ronceniraied  on  tlw  tlicrmoRiclcr  bulb  by 

mtan*  of  a  len»  fixed  in  ihe  side  of  ilie  dosed  box  in  which  the  tlicnno- 

oivicr  bulb  was  fixed.     If  <2  i»  ilie  cjuantiiy  of  luiliution  (iiicasured  in 

<r^)  ithich  fall*  on  ihe  ihtniioiiieter  bulb  in  unit  lime,  and  A  ii  the 

stsorplion  coefficient  for   (lie  nlmle   Iiulb   when   coaled   wilh   .1   given 

uibtlanrr-,  the  beat  absofbcd  in  iinil  lime  is  <2,A.    Tbe  thernionicler  uill 

rise  in  trmprrature  till  the  heat  lost  by  radi;ition  i*  ciactTy  equal  lo  the 

Wat  abkortwit,  and  after  thii  ihe  tempernlurc,  /,  will  leniain  ronwam. 

If  tc  is  (be  uglier  iraluc  of  the  ihennometer  bulb  and  iti  ronlenis  and 

■■  tbe  fall  of  icmpernlurc  in  one  srcand,  or  ihr  vclnc-rly  nf  ciolinK.  ns 

■I  is  called,  at  a  tcmpcraiurc  t,  the  heat  lost  by  ihc  bulb  in  unit  lime 

b  wv.     Hence 

y/1— wr*. 

Nexti  if  the  bulb  is  cnnled  with  lamp-hlncl:,  the  intensity  of  the  in- 
ridcnl  ntdintion  hrin^  ihe  same  as  before,  and  if  it  comes  10  a  siaiionary 
leitipanturc  t^,  ihc  velocity  of  cool  ing  beinji;  now  *•„  we  have,  as  before— 


Now  the  values  of  the  quantities  t'  and  f,  ean  be  measund  by  notini; 
Ibe  time  taken  bj-  ilie  ihermomeler  lo  c«ol  through  a  ),'ii«n  tcmpetaiuir 
Inlcnal  at  the  temi>-ra lures  fund  /,  respf«ti»-e!y,  and  so  the  abjioibiiif; 
power  of  ilic  medium,  compared  to  ibat  of  lampblack  taken  as  unity, 
tan  be  oUculaietl. 

In  tiie  cxperimenis  two  iources  iif  ladialion  were  useil,  namely,  the 
tun  and  an  Atgand  burner,  and  the  reuihs  obtained  aic  shown  in  ibc 
foOowing  tabie,  the  absoiption  of  lamp-hlock  beiRg  taken  u  tmity : — 

COKrFfCIKNTS  OF  AUSORITION. 


Sua. 

Arcand  Dftr. 

Lunp-btade  ..... 

\joa 

1.00 

nalinuin-tilacL      .        ,        .        , 

xjoa 

t.OO 

Wliiie-lcad 

tL09 

Ckll 

rinnjiKir        .... 

■  ■■ 

0.18 

Siliet  in  powder    .         ,         .         , 

... 

0^21 

Cold  in  leaf  .                 ... 

O-IJ 

O1O4 

Sili-ef  in  leaf 

0,07 

... 

In  ofdei  to  owasure  the  emissive  power  of  various  sabsuncn,  tbe 
la«pt  nf  a  bolbiw  metal  cube  are  coated  with  ibc  diffietenl  vil»iancc:i,  one 
bee  bein>;  coated  with  lamp-black,  and  the  nmuunt  of  radiation  cmillcd, 
wbm  tbe  cube  ia  fiDed  wKh  water  at  too'  C,  is  measured  by  means  tif 

IT 


jo6 


Ufot 
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ft  tbennO|Hle  pJaccd  at  a  coniUst  dittance  from  ibe  cube.  In  pvTformiac 
the  experiment,  gnuit  care  hu  to  be  taken  to  tcrcen  tlie  ihcmwpilc 
fracn  ijl  nuliation  cxrcpl  that  coming  from  the  £urc  of  the  cube  wliich 
is  being  meuured.  It  ha*  bcrn  ihawn  i)iat  many  niea«umncnis  nuil* 
wen  CMnpletdy  vtriaiod  \rj  the  facl  thni  the  screens,  used  tu  co&Koe  the 
'  bom  of  incident  ra<liaI)ln^  reDe<cied  pan  of  the  mdiaiioa  ihejr  received 
back  lo  tlie  raduting  6utfacQ  wheie  letleciion  agsin  took  pbc«,  ami  «> 
some  of  this  doulily  reflected  he;>i  u*jt«  thrown  on  tu  the  ihetmopiie. 
TbU  enor  was  pariictilarly  marked  when  dealing  wiiJi  i)i«  emissian  of 
polished  metallic  Mirfaccs  where  the  emiMiun  U  amall  tuid  the  reaccting 
power  \s  con&idMable. 

In  tlie  folluwiii^;  lahlc  i*  given  the  value  of  the  emissive  power  of 
some  bodies  in  Icrnu  of  that  of  litinp-black  taken  as  unity : — 


COKFnciENTii  op  Emission. 


Lamp-black    . 

i.oo 

Gold-leaf 

0.04 

Fto^ied  silver 

.    aos 

Burnished  ulatinun) 
Copper- Ic.il    . 

.    aio 

Burniiihed  silver    . 

0.01 

.    ao; 

In  order  to  prove  directly,  by  experiment,  that  the  cuefficicnts  of 
Ahiorpiinn  and  emission  for  any  given  substance  are  equni,  the  apparatus 
ihuwn  in  Fig.  20o  has  been  devised  by  Ritchie.    The  mo  hollow  meial 

drums  u  and  c  arc  tilled  with  air,  and  are 
connected  by  a  glass  iuIk;  which  is  jiartly 
lilled  with  suiiie  liquid,  such  as  iitilphuric 
acid.  The  drum  A  is  also  hollow,  and  can 
be  filled  with  hot  water.  The  faces  of  11 
nnd  K,  lumcd  towardi  ihc  right,  are  coated 
with  lamp-hl.-irk,  and  the  faces  of  A  and  C, 
turned  towards  the  IcfV,  are  coated  with 
silver-foil.  The  position  of  the  litinid  column 
li^iving  been  noted  when  the  whole  insiru< 
iiienl  is  at  llio  same  Icinptraliirc,  hot  water 
is  placed  in  A,  and  it  is  found  that  the  li<|iiid 
column  docs  not  move,  showing  that  the 
diums  H  and  C  arc  receiving  the  same 
amiiuin  of  hcal  from  S.  Now  the  drum  B 
tcLL'ivcs  the  Ileal  i-nilllcd  by  a  s.ilvpr  sur- 
faic,  the  heat  bciiig  absorbed  by  lamp- 
bliiik.  while  llii^  heat  received  by  C  i* 
emitted  by  a  himp-black  surface  and  ab- 
sorbed l>y  a  silver  surface.  The  heal 
received  being  the  same,  it  shows  that 
alihough  the  quamiiy  of  heat  emitted  by  the  silver  surface  is  small,  yet 
the  luinp-btack  absorbing  all  this  hcal,  the  result  is  the  siiiiie  as  when 
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llie  Urt,'«  amouBt  of  1i«ni  radiaicd  by  the  Innip-hlark  surface  fnlN  «n  the 
»iivt:T  surface  foi  Jo  this  CASC  only  »  unAll  prnporliun  of  ihc  incident  heal 
is  aboorbcd. 

247*.  The  Relation  between  the  Amount  of  the  Bftdlatlon  and 
the  Teraperaiure  of  the  Body.— In  order  «>  delermine  the  tonnec- 
tinn  bciuccTi  the  an"wnt  of  the  rndiution  and  the  ttmpcnilure  of  a  body, 
t)iik>iiK  and  Triit  used  ai  tndi;tlin);  Ixidy  the  ^iphciical  buth  of  a  large 
ibemiORKti-r.  Tlie  biilh  wa*  healed  li>  aboin  joo",  and  thrn  iniiiHhircd 
Imo  a  holkyw  copper  sphere,  uhich  wa<i  kept  at  a  ronstani  leitipcmturr, 
and  lite  sphere  n-u  exti^usted.  Tlie  lempenlure  of  the  bulb  was  indi- 
otcd  by  ibe  positiion  of  the  mertiiry  thrca'i  in  the  stem  of  the  ihemionieter, 
wMcli  projected  from  ibe  copper  vessel,  and  was  reitd  at  ci[ual  short 
intcnriU*  irftnne. 

The  fall  of  Icmperalurc  v  in  «ne  second  ihcy  called  ihc  vploriiy  of 
coolinK,  no  that  if  W  i«  the  water  value  of  Ihc  thermnnieier  biilb,  Ihc 
kws  of  heat  in  unit  lime^  Q,  is  given  by  Q—  Wv.  As  n  result  of  llieir 
rtperimcnls,  I>iilong  and  I'ciil  came  lo  the  conrlusion  thai  if  /  is  the 
temperattire  of  the  radiating  hotly,  and  /'  that  of  the  diAmbcr,  Ihcn 

where  k  and  »  are  constants  dependinji,'  on  the  nature  and  nren  of  the 
sotfacc  of  the  radiating  body.  Uulont,'  and  I'elit's  law,  which  is  quite 
empirical,  has  boa'ever,  been  found  only  to  Iwld  orcr  a  small  range,  and 
■SlC&n,  from  an  examination  of  their  results,  h.is  hcen  led  to  the  con<.tu- 
ikin  that  the  total  radiation  emitted  hy  a  body  is  proportional  to  the 
foorlli  power  of  the  absolute  icniperaiurc.  Thus  if  7,  is  the  absolute 
Icmperaiaie  oi  the  body,  the  total  radiation  *-ill  he  repieseoted  b>'  <■/',*, 
vhere  u  is  a  cunsiant  depending  on  the  eiteni  and  naiuru  of  the  surface 
ofilie  body.  In  llic  uiiie  way  the  heat  radiated  b/ the  walls,  if  iheyare 
at  an  absolule  lemperalure  7i.will  be  proportional  lo  7 „'.  lliequanlilyof 
this  nulialion  absorbed  by  the  budy  will  be  aT^,  siiwe  the  emissive  power 
mkI  absorbing  power  of  a  body  are  the  same.  Hence  tlte  total  Ioh  of 
heat,  Q,  by  the  body  in  unit  time  U 

S  is  the  area  of  the  ftuliatiog  surface  of  the  body,  then  <i «  Sty  where  e 
i*  a  constant  deiicmlinK  on  ilte  nature  of  tlie  uirface  only,     f  Icnoe 

If  the  temperature  of  ibcetidosuic  is  the  absolute  rcro,  and  thai  of  the 
body  ■*,  so  llut  T"— o  and  7*1—  l,  and  the  sutfacc  of  the  body  is  unity, 
we  get  j2'<'>  or  the  qunniiiy  t  repicscnis  tlie  heat  mdijitcd  per  scLOod 
from  a  >quare  ceiiliinelie  of  tlie  uirf^Ke  of  the  body,  alien  the  tempera- 
lure  nf  the  budy  b  1*  on  the  absolute  scale,  and  the  ciiclosura  is  at  llie 
oluic  Kn>. 
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If  ih«  difltrnKc  beiwMit  tbe  tnnpcntiiire  of  (he  body  itnd  ikt 
eDCkwurc  is  (J,  wc  have 

JUid  if  J  it  nnaU,  so  thac  we  may  neglect  term*  in  if  and  hijirhcr  powcn- 

Hence  for  »nMll  diangcs  in  ilie  diffcmice  of  icmpcrature  4  between  tbc 
body  and  ihc  enclosure  Q  is  proponionni  lo  $. 

In  (he  case  of  a  body  surrouoded  by  a  gas,  as  ««  have  already  poiotcil 
out,  the  (ooliii);  is  paiily  due  to  otnvcclion  cumnu  and  cuiiduciion.  In 
such  a  cjii;  Newton  suppowd  tliat  tlie  tale  of  cooliny,  i.e.  the  quiintity  of 
licat  luit  by  the  body  in  unit  tiuic,  wus  proportional  to  the  difTercnce  in 
tcmperaiutc  between  tlie  body  and  the  surroundtnt;  inediitm.  This  law, 
whirh  is  known  as  Newton's  law  of  cooliotf,  only  holds  eoo<l  fnr  unail 
excesses  of  icnipeialiitc.  For  sur.h  cxeeiscs,  howwer,  as  oribnarily  occU( 
in  calorimciry  Newton's  Uw  is  sufficiently  acoirate. 

24S*.  Heasurement  of  Specific  Heat  by  the  Method  of  Cooling. 
—According  to  Newion's  law  of  eoolini;,  Ihc  quantity  of  heat  i^'  lost  !))■ 
a  body  during  the  lime  A  when  its  temperature  ia  8  dc^recti  above  ihc 
WiTOunding  medium,  is  given  by 

where  S  ii  the  area  of  the  cooling  surface,  and  k\%fi.  conttftnt  dependent 
on  the  nntiirc  of  the  sur^ce. 

If  in  a  time  /  the  temperature  falls  by  an  nntount  h9,  the  quantity  of 
heat  lo^t  must  l)c  MshO,  nhcre  ■!/  h,  ilie  mass  of  the  bwly  and  i  is  its 
spedlSc  beat,     Hence 

If  now  the  experiment  be  repealed,  uiing  tbe  same  radiating  suriace 
and  atartiiift  at  the  wme  icmpcramre  (),  and  the  time  /'  lie  noted  in 
which  a  wreond  body  of  ina»  j1/'  and  specific  htat  i'  cools  ilicnugh  Aff, 
we  shall  liave  * 

Ml      t 

Hence,  if  wc  know  AfiJ/',  /.  and/',  we  can  obtain  the  ratio  of  the  specitic 
heats  of  the  bodies. 

I[k  an  actual  cvperiinent  the  bodies  to  be  experimented  on  ate  con- 
tained in  a  talorimeier.  the  outer  sur^e  of  which  i»  coated  with  lamp- 
black. This  calorimeter  i»  suspended  inside  a  vetsel  with  double  walls, 
the  space  between  the  walls  being  filled  with  valer  sn  an  In  keep  the 
leinpcratute  of  the  enclosure  constant.     Of  rnune,  due  allowance  must 


and  therefore 
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be  m&de  for  the  water  value  of  the  calorimeter,  thermometer,  ftnd  stirrer. 
This  method  of  measurinK  specific  heats  is  found  only  to  work  satisfac- 
torily in  the  case  of  liquids,  since  it  is  only  with  these  that  the  contents 
of  the  calorimeter  can  be  keptat  a  uniform  temperature  throughout  during 
the  cooling,  this  condition  being  obtained  by  continuous  stirring. 

The  further  consideration  of  radiant  heat  will  be  deferred  till  the 
chapters  dealing  with  the  emission,  absorption,  Ike,  of  light,  since  there 
is  no  sharp  physical  line  of  demarcation  between  what  we  recognise  by 
one  set  of  senses  as  rediaut  heat,  and  what  we  recognise  by  our  sense  of 
tight  as  light 
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249.  TiMOries  as  to  the  Nature  of  H«at.— Up  to  itie  end  of  the 
tiK'nctii'li  ccnlur>'  ihcn  ciistnl  Iwo  liviil  theories  as  lo  the  nature  ol 
li«at.  Accanlinn  to  one  nf  these  theories,  ktiuun  ns  tlie  caturic  tbeocy, 
lieat  W3i!iiipp[iM?d  lobe  A  siibltc,c!;iitic,  iiiipunilerable  fluid  called  caloric, 
which  iiermrnted  nil  kiiiiisiif  matter  cxifttiiii.' in  the  inlcrslices between  ihe 
moleailrK.  Accovding  to  the  other  ibcor]-,  which  Bai  only  held  by  very 
few,  heal  was  supposed  to  be  due  to  ihc  rapid  motion  of  the  inalccuics 
of  itiaiicr. 

It  was  nell  knuwn  that  hclit  could  be  produced  by  fticiion  or  per- 
cuiwiion,  and  the  supporter*  of  the  caloric  theory  explained  these  facto  by 
»uppii»tni;  thai  in  the  ca>e  of  percuulon  the  caloric  was  squceivd  out  of 
the  body,  and  hence  flowed  into  a  ndKhbouring  body  such  .-i.i  a  iher- 
niometcr,  and,  in  lliccasc  of  friction,  that  during  the  Iriciion  v^oine  of  the 
body  was  nibbed  off,  and  that  the  capacity  of  matter  for  caloric  wag  l«»a 
in  the  hinn  of  a  powder  than  in  ihc  fumi  of  a  solid  block.  That  this 
explanation  of  the  produtiion  of  heal  by  friction  wa»  imlenable  was  lirsl 
ihowii  by  Count  Kumford  in  1798. 

llcin^  smirk  by  ihc  lar^  amounl  of  heat  developed  when  rnnnon 
were  bcJiiK  bored  nt  ihc  srsen.il  al  Munich,  Rumford  pcrfonned  an 
expcrimeni  in  whluh  a  bluni  neei  liorer  was  roiaied  while  kept  pressed 
a^aiiiat  the  boiioin  of  a  liole  in  a  large  mass  of  yun-nieiid.  The  borer 
wa*  rotated  nearly  a  thousand  times,  and  Ibe  heat  developed  was  sofii- 
cicnt  to  miic  the  tcmpemiure  of  ihc  whole  block,  which  wKighed  1 1 3  lbs., 
about  70*  v.,  while  the  nniounl  of  meial  nibl>ed  off  from  ihc  bollom  of 
the  ho)e  was  only  837  ^"■'n'^  Iroy.  Kiimford,  in  the  account  of  his 
experiments,  drnu^  aitrniion  to  ihe  fact  that  ihc  supply  of  heal  obtained 
in  iW)i  way  fioni  a  f-iven  lump  of  nictal  seems  quite  inexhaustible,  and 
hence  cannot  \)c  a  iiialerial  substance,  but  tnuat  be  "motion." 

The  suppntttn  of  ihe  calotte  theory  for  somi-  lime  mainl.iincd  th.it 

the  tourcc  of  heat  wat  the  abraded  nieul,  aUhoiiKh  thiTi  explanation  was 

conipleicly  refuted  by  an  cxpenment  pcrlbmicd  by  Davy.     He  rubbed 

logcther  two  blorli*  of  ice  at  a  temperature  below  o*  C,  aod  foimd  ihat 

heal  was  developed  and  the  ice  melted.     Since  it  was  allowed  by  ihe 

calofisis  ihat  water  contained  more  caloric  than  ice,  if  we  can  produce 

water  b>-  the  friction  of  ice,  Ihc  heat  developed  must  be  <luc  lo  some 

other  cause  than  the  emrusion  of  caloric. 
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We  have  teen,  when  dealing  with  radianl  hmt,  ilial  a,  hot  '\>oAy  » 
cnntiniiBlly  mdijitinit'  IkhI  into  ^iirtounding  &pucc;  and  when  wi:  coin«  10 
tbc  consideraiion  of  ihe  &ii1jjeci  of  li^-hi,  »<_■  sliult  tiFC  ibut  ihcrc  iii  con- 
diMivtf  ovidcncc  (hat  ntdi;iiil  litiil.  :ift*.T  it  lutvi-s  the  hut  body,  cxi^ls  »»  a 
vave-mutiDii  in  MiRHt  iiu'dium  aurruuiidiDj;  ihc  liody.  Now  \t\  order  ID 
set  up  «'a>'«s  in  a  mcdittm,  we  niu:it  hitvc  a  body  which  is  iUelf  in  iTiotion 
in  the  medium.  Thin,  since  n  liot  Imdy  can  »et  up  such  wavw,  vc  infer 
that  it  muit  be  in  a  stale  of  molion.  Also,  since  ihc  highes!-p<™-er 
microwopc  U  quite  un.thlc  to  detect  any  molion  in  a  liol  body,  u-c  infer 
t)ui  this  nnoiion  must  be  a  motion  of  the  mtileculcs  as  n  whole,  or  nf  ihc 

■  purti  of  a  mulcctil«,  or  bolh  combined. 
We  are  hence  reduced  lo  llic  theory  that  heat  '\s  .1  "nrnde  "f  inolion." 
2£0.  Dymmleol  Eijalvalent  or  Heat  — Fit^t  Law  or  Thornio- 
DytUUnlfiS.— In  Kumfoid's  eipcrimenU,  the  heat  produced  in  ihe  cannon 
wa*  indirectly  due  lo  the  n-ork  <lone  liy  the  hone  which  turned  the 
\30nag  tool,  and  it  is  obvioudy  of  iniemi  to  ice  wli.it  connection  there 
is  belw-een  the  work  done  by  the  bor«e  and  the  amoimt  of  heat  produrcd. 
Wc  thall  liee  in  later  sections,  that  wheno'cr  mcrhanical  iiork  \%  con- 
vened into  heal,  or  mechanical  work  pcrromicd  .11  ihc  eopensc  of  heat, 
tbcrc  exists  a  iimi/an/  rcbtioB  btlwecn  the  work  done  and  ihc  Ijcal 
produced  or  lost.  The  qu.inlity  of  work  which  must  be  done  in  order 
tlut,  when  all  the  work  is  converted  into  heat,  the  unit  qiianlily  of  heat 
enerny  may  be  produced  Is  caVcAttic meckaNtcal erjyriamiiiil ti/ur.-aleitl 
e/Jua/.  If  y  is  the  vahie  of  the  mechaniral  equivalent,  then  the  rc'.ation 
between  ihe  uork  W  ronvertcrt  into  heat  and  the  qiianiiiy  of  heal  Jf 
^^jjoduccd  in  gi(«n  by  the  equation 

Holly 
^^snied 
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This  equation,  which  we  shall  justify  subsequently,  expcesset  symbol!* 
oilly  what  is  kiMiwa  as  the  Arst  law  of  thermo- dynamics,  which  may  be 
snied  as  (bllaws  i—W'iuHr'.-fr  mtckanUal  tfttrgyis  (omitrleH  inlo  keal, 
«r  kiol  into  mtcfiamta/  e/Ktjff,  iMt  ratio  oflht  meehanieat  *tiergy  t«  the 
kfat  it  toail.mt. 

251.  The  Det«rmfnfttlon  of  th«  Mechanl«iil  Etjulvalvnt  of 
Heat.-  TLt  iini  to  experiment  ally  show  llial  tlw  lir>t  Uw  of  thetmo- 
dynamtcs  is  iiuc,  and  <tetcTmine  the  ratne  of  the  mcclunicJil  eqiiiv-ilcnl 
of  heat,  was  Joule,  ■ho  bcivteen  1843  and  1878  earricd  on  a  cl.xisic 
aerie*  of  etpcrirncnt*  on  thi«  subject,  in  which  he  showed  thai  the 
value  for  ihe  mechanical  equivaletit  wa*  always  the  tame,  although 
the  meliiads  employed  for  convening  the  mechanical  energy  into  heat 
iliffeicd  ifeaily. 

One  of  Ibe  lii>t  raetlicids  employed  li}-  Joule  consisted  in  measurinx  Ihc 
bm  derdojied  when  a  known  anwant  of  a-ork  was  done  in  sttrrrnK  water. 
Tbe  appaniitu  used  ron%isIcd  of  a  copper  vessel  11  (Fif;.  lot),  iniide 
which  a  hras^  paddle-wheel  worked.     A  sy&icm  of  parttiiom  w«re 


I 

1 


312 


Heat 


[HS' 


wiiliio  (he  vmkI,  to  Diat  t)i«  vanvs  of  ihf  pocMIe  could  just  pass  '^'^ 
obji!ct  of  iheM  partitions  Iwin^'  lo  pi«vci>i  iIm  waicr  as  a  whole  asbucniiiic 
a  motion  of  ruutkm.  The  pu<l<lle  w;ui  niiaivd  by  umnii  o{  i>«  iraighu 
K  and  I',  which  wctk  aitucbicti  l»  sirint,'*  wutiod  round  tbc  axle  a  v(  the 
paddle,  which  was  so  .irrun;[cd  thai  the  vei^his  totiltl  lie  wound  up 
without  lumin£  ihc  piiddlr.  The  riie  in  Ivtnpttntute  of  the  cilorinwttr 
and  its  conir-nlt  c^uird  by  allowing  the  it'cightx  lo  fall  twenty  timn  wai 
obtained,  and  knowing  the  vai^r  value  of  ibe  calorimeter  and  cnnlcnli, 
the  nu<ii)>rT  of  hc.il  iinils  produced  could  l>c  calculated.  The  hxhIc  done 
n  the  prnduft  of  ihc  sum  of  ilic  ii'ci|{lils  of  K  and  V  into  ihc  total  hcij^hl 
ihrau}.'li  which  ihey  fall.  Corrections  have,  however,  (o  be  applied  for 
tbc  (act  that  when  the  weights  reach  the  floor  they  arc  mwing  with  a 
finit«  velocity  v,  and  tlui  their  kinetic  energy  is  dcstroj-ed  in  the  impact. 


Fm.  »or. 

The  h«j{ht  ihrough  which  a  body,  falling:  freely,  would  acquire  a  velonty 
V  has  therefore  to  be  dciUicied  from  tlie  aciuul  fall.  Another  correction 
hax  10  be  applied,  to  allow  for  the  cfleci  of  the  clasiiciiy  of  ih<!  slringi  on 
which  the  weights  are  hung,  for  this  causes  the  paddie  to  rotate  a  hide 
aflcr  the  wctjjlila  have  reached  ihe  ground.  The  wtighls  ihenisclves 
have  in  addition  to  be  reduced  hy  the  weight,  which,  when  ihe  two  strings 
are  dcucbcd  from  ihc  axle  a  and  joined  lo^-ethcr,  added  lo  K  or  K,  will 
just  came  the  weights  lo  move  uniformly.  This  wei>;hi  rcpicsents  the 
allowance  to  be  niadc  on  account  of  the  friction  of  the  pulleys  u  and  c 
and  the  rigidity  of  ilie  siring-  l.n.stly,  a  cDrrcciion  was  made  for  the  fact 
thai  some  of  the  merhanirvil  cnerRy  was  spent  in  the  production  of 
sound,  and  ihe  magnitude  of  this  correction  was  roughly  obtained  by 
noiinK  the  work  which  had  to  be  done  lo  make  the  string  of  a  violonrello 
produce  a  sound  that  could  be  heard  ai  the  same  distance  as  w.-u  that 
produced  liy  the  insinimcnl  during  the  fall  of  the  weii;hls. 
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In  MtdiiMM.  Jmik  ina<t«  a  «ni«  oT  expeiintcnts  in  wliicli  Utc  w;iler 
sat  tcpluced  by  lucrcury,  unci  aJia  one  using  itie  riiction  of  one  iron  riog 
i^ntt  another,  botli  beioi!  immersed  in  tnurtory. 

Tbc  ntunbcnt  o))tainc<l  (or  ihc  ViUuc  of  ibe  mechanical  equivalmi 
wtic  praciicaily  ihc  n.-une  in  all  mscx.  Joule  ei^pressed  bis  rcsulu  in 
lenns  of  the  mercury- in-^liiu  thrimomctcr,  hul  ihey  hav«  been  reduced 
to  the  air  th«rmomclcr  by  Ronl.tnd,  and  give  ihc  value  of  ibc  energy 
Bliicb  must  be  convened  into  hcfti  to  raise  the  icmpcmiunc  of  one  gram  of 
■atcr  from  l4'-5  to  ij'.j  »s 

4.1S3  «  lo'crg*. 

Rowlitnil  ha»  miuleiome  very  careful  measurtinentsof  theinechaniea! 
equivalent  of  heal  by  the  method  of  slirrinK  "miter,  and  has  employed  a 
raelbod  of  measuring  the  mechanical  work  done,  which  was  also  uneA 
by  Joide  in  hU  later  experiments.  Since  this  inetlioct  has  considerable 
advmntagcs  over  that  deicribcd  nbnvc,  it  is  n*(irih  n-hile  dew-ribing  il, 
A  <&atT>nunniic  plan  of  ihc  arrnngcment  is  shown  in  Fig.  202.  The 
calonmeier,  like 
foale**  original 
one.  had  a  pad- 
dle-wheel GB,  and 
itMre  were  fixwl 
vanes  cc  to  pre- 
rent  the  water 
beiiv  set  in  rMa- 
lioo.  The  paddle- 
wheel  was  driren 
by  means  of  a 
puUey  A  atkI  a 
beh  er,  but  the 
calorimeicr,  in- 
ftesd  of  being 
fixed,  wa*  lutpen- 
ded  by  means  of 
a  fine  wire,  so  thai  it  was  free  to  rotate  about  a  veniol  axis  coinciding 
with  that  about  which  the  paddle- w|«.-el  lunied. 

OwinK  ti>  the  riscoiiiy  of  the  water,  tlie  calorimeler  tends  lii  rotate  in 
ibe  ian>r  diicction  ns  lite  paddle,  and  lo  p^^^'ctlt  lhi«,  two  strings  IT, 
n'p',  were  attached  to  ihc  circumference  of  a  din:  which  was  iiielf  fixed 
to  the  calnritneier,  and  thcw  situigs  were  pulled  with  a  force  f>  jnsi 
ntScieM  to  keep  the  cstorimeicr  froo»  rotating  when  the  jiaddic  was 
inndng  at  a  uniform  speed.  If  the  radim  of  the  disc  is  R,  the  conplc 
doe  to  ibe  two  pamtld  forces  /  acting  alons  DP  and  W  b 

Kow  as  OiClioo  and  reaction  arc  e<inal  and  opfiosilc.aiMl  «■  i1m  i 
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acting  on  the  calorimeter  due  to  (he  rotation  of  the  paddle  is  Il?/,iti  ' 
also  must  be  the  couple  which  resists  the  motion  of  the  paddk.  Tit ' 
heat  generated  in  the  calorimeter  is  therefoie  that  produced  b<  ik  ' 
paddle  working  against  a  resisting  couple  iRp. 

Now,  tlie  nork  done  a^'ainst  this  resisting  couple  during'  one  cooipitt 
rotation  of  the  paddle  is  iit .  2Rfi.  For  the  turning  moment  of  a  (m^ 
zRp  is  the  same  as  (hat  of  a  force  iRp  at  the  end  of  a  lever  ai  ml 
length.  Suppose  now  ixe  had  a  cylinder  of  which  Ihe  radius  wasunrt, 
and  on  this  cylinder  wound  a  siring,  the  end  of  the  string  being  piuitc 
with  a  force  2Rp.  During  one  whole  turn  of  the  cylinder  a  Ien),ih  d 
rope  2ir  X  I  would  be  wound  up,  and  the  point  of  application  of  the  Ibm 
2Rp  would  be  moved  through  the  same  distance,  so  that  the  work  doac 
would  be  iti.iRp.  But  the  rope  produces  a  turning  moment  of  tRpis. 
tlie  cylinder,  so  that  Ihe  work  done  when  overcoming  this  turning  monwK 
for  one  whole  turn  is  ^itRp. 

If  the  paddle  makes  »  revolutions,  the  work  f  done  during  this  timcis 

iy=4imRp. 

If  the  water  value  of  the  culorimcier  and  its  contents  is  C,  and  theiiw 
in  temperature  during  »  n^voluiions,  corrected  for  ladiation  in  the  mannci 
described  in  §  201,  is  /,  then 

•^      a  ' 

The  tension  of  the  strings  Iir*  and  v't'  was  supplied  by  passing  these 
strin);s  over  pulleys,  and  attaching  weights.  If  the  lum  of  the  t«n 
wcif;li(s  ii  Tt',  tht  lenaion  in  each  siring  is  wg'i,  and  this  is  equal  to  /. 
The  number  of  lums  w.is  deiemiincd  by  means  of  a  counter  attached  10 
the  spindle  whii.li  tarried  llie  paddle-wheel. 

Rowland  obiaincd,  as  a  result  of  his  experiments,  the  value  4.  i899XI(/ 
er^'s  for  the  value  ofy,  in  terms  of  the  calorie  at  15°.  By  measuring  the 
heat  generated  hy  an  electric  current  in  a  pl.ilinum  wire,  and  a  know- 
Icdije  of  the  electrical  energy  spent,  Criflilbs  has  obtained  the  value 
4.1940  X  10'  ergs  in  terms  of  the  cilorie  at  i;"  (see  §  494). 

A  (liiinge  in  the  unit  of  mass  alters  not  only  the  unit  of  heat,  but 
also,  and  in  the  same  proporiion,  the  unit  of  «ork,  for  we  measure  the 
heat  ill  icrnii  of  the  amount  rei|uired  10  raise  the  temperature  of  unit 
mass  of  a  standard  substance  through  a  given  range,  and  the  unit  of 
energy  is  ih.al  p<)s!>c5SC(i  by  unit  inass  when  moving  wilh  a  velocity  of  ^'i ' 
times  ibe  unit  velocity.  Hence  a  change  in  the  unit  of  mass  does  not 
affect  the  value  of  the  mechanical  equivalent. 

A  change  in  the  unit  of  lengih,  since  ii  affects  tIic  unit  of  energy  but 
not  the  thermal  unit,  will  affect  the  value  of  the  nieclianital  equivalent,  as 
will  also  obviously  a  change  in  the  temperature  scale. 

1  Sine- kinnic  energy- !«:",  if  m^i.  »■(■  have,  ulicn  T'-=  \'3,  ll"'  l^inciic  energy  U 
unitv. 
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^  A  chaise  ill  ihe  unil  of  force,  /.<■.  changing  fram  the  absolulc  system 

"to  Ihc  jiravitniional   system,  uUI  cliAnj{c  ihe  ^'sluc  of  the  mc()i;)ni<-al 
'equivalrnl. 

In  the  following  tabic,  tlie  vahie  of  ilte  mean  of  ilie  numbers  obtained 
>  by  Joule,  Rowland,  and  Cnffitln  b  vxprvued  in  various  anits  : — 


MECtiA^tCAL  EftUIVALKtfT  OF   HfcAT. 


TeDiMfMHre 

■I  wtiicb  Un 

HkcduI  Unil 

UdeRnea. 

IS'C. 

15' c. 


Unli 
oT 

Ti-e 


MC 


vex.. 


U>it 
of 


gnm 

gram 


sec.  |Mmnd 
sec  pound 

sec  pound 


UdIe 

er 

LtngUh 


an. 
cm.  J 
foot 
foot 

foot 


UliilorFattt. 

J. 

Dyiw 

Wciuhtufagmn 
M  Int.  of  Green- 
wich 
Poimdal 

\Vei){ht    of    a 
IKiunil  ■<  InL 
of  Greenwich 

Weight    of    a 
poui>d  at  la  I. 
of  Craenwicli 

42690 

778.  r 
14006     j 

For  many  purposes  wc  shall  find  it  convcnkm  10  measure  quantities 
nf  heal  not  in  calorics,  but  in  ergs,  the  rdaimo  botwcen  tli«  tuo  being 
/('(rrRs) -/// (tnlorics). 

2S2.  Work  done  br  a  Oas  duflnff  Expansion  at  Constant  Prea- 

SUra.  Suppose  wc  have  m  crams  of  a  (jis  enclosed  williiii  a  cylinder, 
having  a  cross  section  a,  by  means  of  an  ait-lifihl, 
«ci)i;litless,  and  frictionless  piston  itC^'ig-  203},  and 
(hat  ttic  prcisurc  aelinj;  on  llw  upper  side  is/^l)•nE^ 
per  stjiuire  ccntimctic.  Wlico  the  temperature 
on  the  abiohite  si:ulc  of  tlie  gas  is  T,  lei  the  jiuton 
be  nt  B.  Next,  let  the  gas  be  beatnl  at  contiani 
pressure  to  a  lempenuare  7'„  the  piston  being 
driven  baclt  10  D'.  The  total  for<«  acting  upon 
the  upper  side  of  the  piston  \\pA,  and  the  pauon 
has  been  dritxin  back  against  iliis  force  for  a  dis- 
tance BU'  b>'  the  expanding  ga*.  Hence  the  wurk 
done  1>y  tbc  gas  in  expanding  ngainit  thr  external 
prcMiire  p  is  pAiiVvt'.  If  the  ditiancc  Wmeco 
ihc  piston  and  the  botiocn  of  il>e  cylinder  at  the  icmperainrcs  T,  and  i\ 
Is  A|  ami  A,  respectively,  then  llie  original  volume  of  the  %i.\,  \%  h^A,  and 
the  final  volume  is  k^A.    f  lence  the  incrtase  in  vokunc  is  A{ft^  -  A|X  or 
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A ,  iSl  CidfinK  iIh$  mmcate  of  volume  (',  the  extemat  "wrle  done  bj' 
the  ttxpkadiny  %a^  \%ptf  \  llul  U,  ii  cqiutl  lo  ihe  produrt  of  t)i«  presuirc 
inlo  I  In-  in.rf,iie  m  volume. 

2&3.  ejaculation  of  Ui«  Value  of  ihe  Hechanleal  Equivalent 
from  the  differenee  between  the  Speclfl«  Heats  of  a  Cac-Uaac 

llii:  ivuiatioo  of  ibc  lut  wctian.  ihc  <(umi(il)'  oi  li«at  which  luu  lO  be 
wppiicd  to  Ui«  gai  lo  raise  in  tcmpcmiuic  Erotn  Vi  (i>  7',  M  (.-onsuuil 
jiTcssurc  U  nrlTf-  Tf)Cf,  where  C^  a  the  xpccilic  heut  at  ciHutaBi 
pruMuti!.  If,  now,  tlie  gas  i*  bcalcd  fliroiixh  ihe  sAine  range,  but  is  ivot 
■Iluwud  li>  expand,  ihc  piston  being  fixed  in  the  positian  b,  the  heal 
which  ha*  Id  be  Bupplkii  u  M^f't-  ^t)^t  Ct  being  the  tpocific  heat  at 
vonkliuil  ml  unit- 

The  n>o)caik-<i  of  the  gat  liavc  Iwen  healed  ilim»sh  tiic  same  range 
qf  tcinpcnuire  in  the  Iwo  eaiej,  but  in  the  first  case  an  amount  at  external 
•■(wk  v'p  luii  been  jierfonnwi,  while  in  ihc  second  case  no  external  work 
liA*  liecn  done.  If  ilie  motccule*  of  the  g«c  cxen  an  attraction  one  on 
HiMUhoi,  ■iMiie  wtiA  mill  luve  bceo  dooo  in  the  firsi  case  in  scparaiing 
Ihvin,  «lDi^e,  n»  tlie  gas  bu  esp-indcil,  the  mean  distance  bctn'cen  the 
Mmi(M!u1m  hn*  tiwreMMd.  At  we  arc  unacquainted  with  the  law  gwem- 
l<41  Ihe  nilraflion  licmwii  the  mokcules  we  caonoi  calculate  ihi*  work 
ihwir  njinlnit  tnitlc^'iiUi  attraciivn,  but  »«  majf  ftw  the  preicnt  indicate 
ll  by  ihn  tvmlml  f{x\t\  lUi*  bring  dmscn  to  remind  one  that  it  a 
piiilMtav  dc^wideni  ««  the  wcreMc  of  vohimc  and  the  temperature. 

\Vi>  h(n-n,  ihmfnre,  thut  in  the  ci«e  «f  ihc  expMnsiot)  ni  constaitl 

|ti««wim  Hi  AihlliViwn  «.>  ihe  hmt  tpeni  in  warrning  the  molecules  »" 

Anuiuni  Ht  vvtfnMl  w.iA  fe'  dotw  Odninst  the  exteitkal  pwwure,  aod 

"«>  »>*>i  f\,'-\  I)  **«  against  ibe  utnunion  of  the 

>M>  \'4  h««ttiNt:  <*'e  pu  M  cottMBBt  volanK,  no  exicrital 

""■*  '"  »he  MW«n  dntanc*  Wt«wn  the  molecutes 

^'*^'<*»»>*  >'  a1  v>udt  is  dom,  ao  that  the  hew  emploT«d 

■*;  11   Mttil   ^vvr.vMV«*)    An  CmM«c   *«  tew>per»tBie  of  the 

*4tT>lYW«   tm   <Me    MMMhTT 

n  i)k  w^pHMl  ^nImmc  of  the 
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»\ 
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5  15^]      InUmal  Work  don<  when  a  Gas  Expands 


llcncc  f»r  a  perfect  gat, 


m-c^~ff. 


AIihouKh  air  is  nM  a  pcriect  %■»%,  >-ct  Joule  has  shown  ihat  ihc  term 
/(t/,  7")  is  ver>-  HnnJI,  hc-ncc,  ncKlccting  it,  i*«  oin  from  the  known  values 
of  Cf,  Ce,  (J,  w,  and  7",,  cjileulalc/. 

For  air,  ibc  value  of  C,  n  a;38.  while  the  ratio  C/t',=  i.4".  hwicc 
f"'»™Bi69.  At  a  [ifCMure  of  76  on.  of  mercury,  iV.  1013300  tlj-nc*  per 
M|uare  rtBtimetre,  and  at  atenipcraturc  ofo*  ((rf-.7i»273')  th«dcnuiy  of 
auisuooii9^     Hence 

/_  >  ■  1013300 


.061)  X. 001193  XJ73 


=4.16  K  itf. 


This  rneibnd  of  cakulaiing  tli«  niechatti<al  cquivitlcRl  wat  ias\  osed 
by  Mayer,  who  nssunicil,  aft  we  liat-c  done,  ihai  no  heat  is  eiiip1o>-c<]  in 
doinf;  inicmal  work  in  the  rase  uf  a>r,  althoiigli  at  itiat  time  no  direct 
eipcrimcnts  had  been  made  to  tc«t  \\vn  point.  Tliii  quesixni  n-as  finit 
invesiigAicd  expcrinventally  by  Joule,  l»y  means  of  the  experiments 
desrribcii  in  the  following  section. 

254.  Internal  Work  done  wh«n  a  Gu  ExiMUids.— If  the  mole- 
rales  of  a  ijas  exert  an  aiiraclion  one  on  another,  then,  when  the  ^a^ 
expands,  vFortc  muti  be  done  in  tncreaiiin^  ihc  mean  distance  between 
them.  HctKc  if  a  gas  11  allowed  to  expaad  in  »uch  a  way  that  it  does 
no  enternal  wywk  aitd  its  (enipcraiuie  falls,  this  will  show  ihat  internal 
work  has  been  done  which  has  neceuiLited  the  coiuomplion  of  a  certain 
<|i3Bntityt>f  beaI,so  that  (he  loss  of  this  heat  has  lowered  the  icmpernturc 
of  the  pis.  On  the  other  hand,  if  no  such  alicmiinn  of  lempetaturc 
tak«a  place  we  may  infer  ihni  ihtre  is  no  inicmal  work  done  on  cxpan- 
siOQ.  ai>d  hence  llut  (he  n)o1c>:iil<.-«  do  noi  eun  any  appreciable  forte 
on  each  other. 

In  order  10  allow  a  gas  l»  enpuiul  irilhout  doitiK  extertM]  work,  Joutc 
allowed  tlie  gas  to  expand  (torn  a  t«sscl.  A,  in  whl^'h  it  «nu  oompresMd 
to  abont  U  atmospheres,  into  another,  It.  which  wu  exiuusted.  lite 
recriren  were  both  imincTied  in  the  same  water  bath,  which  was  kept 
well  atirrrd,  and  of  which  the  temperature  was  indieaied  by  a  rery 
sensitive  Ihetinomeier.  TIte  vessel  A  became  cooled,  since  the  gas  when 
TxishinK  out  acquired  kinetic  energy  ;  this  kinetic  energy  wnit,  liowrver, 
entirely  destroyed  in  B,  and  hetK«  00  this  nccouni  just  av  much  lieat  was 
tibcr«ted  in  B  M  was  absorbed  in  h.  «ml  the  temperature  of  the  u-ater 
huh  whicli  contained  both  vessels  would  ooi  alter.  At  ibe  end  of  tbc 
npehmcttt  the  t-olurne  of  the  gas  is  tH-jce  as  gnat  as  at  the  cOfBrnenGC- 
meni,  hut  no  exicm.-il  work  has  Urn  dnne  aifainsl  the 
pietMirv,  since  this  pir-.titrc  tuis  not  Iwrn  driven  h.ick,  \% 
cloage  in  umperjituie  i.ike?  place,  it  must  be  due  to  inte 
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in  nepaRtlini;  <)>*  molccuhra  of  tlw  %wi.  Joule  cotild  detect  na  sudi 
change  in  icnipcralun;.  and  be  rondixlcd  that  do  inicmal  work  m* 
f'duiic.  It  musi  be  remftrked,  Iwwcvcr,  ihni  since  tlie  man  of  (he  w-aier 
aod  of  the  conininin);  vcmcIb  mts  very  gieat  compared  wiih  that  of  the 
ga*,  nitb  ibis  forni  of  upfMralut  he  (rould  hardly  have  bcei)  able  la 
detect  a  change  of  3'  C.  in  ilie  temperature  of  i)ie  ];as. 

Another  scries  of  cxperiinuiti,  by  a  method  wliicb  was  capable  of 
tDdicaiing  small  rhnn^pn  of  icmperalute,  wait  tbcrefbrc  conducted  b)' 
Joul«  in  conjunction  niih  l^rd  Kelvin. 

The  principle  on  which  this  method  depends  may  be  explained  u 
follows : — 

l^t  the  orit'inal  presiure  and  vi)luinc  of  unit  mass  of  a  gas  be  p  awl 
V,  and  the  final  prewute  and  volume  p'  and  »/.  Kurlher,  Icl  the  pisuge 
of  llic  (pi-i  from  one  »lalc  to  llie  oilier  be  made  by  means  of  ihc  iiiranjfc* 
mcnl  shnvn  in  Fig.  204,  in  which  A  and  B  aro  two  pistons  connected  by 

a  rod  which  pa&sc» 
aii-iigbt  (hrotitili  » 
partition  Mparalin^; 
the  spaces  C  and  [i| 
and  which  move 
u'ithiHit  friction  in 
two  cylinders,  the 
cross  sections  /  and 
/  of  these  cylinders 
beinK  in  the  ratio 
of  e-  to  'J.  If  the 
apaCM  C  and  n  between  the  Iwo  pistons  are  vacuous,  the  work  done  by 
the  gas  on  a  while  ii  moves  through  unit  dislaocc  lo  ihc  riglii  is  pi, 
while  the  work  done  by  b  in  pushing  the  gas  forward  is  ^£.  Hence  the 
difference  between  these  two  (|iianii()es  of  work  i»  pi-ffi,  or,  »ince 
»//"f;V,  this  difference  is  pinporliona!  \a  pv-fft/.  Now  if  Uoyic's 
law  holds  for  the  gas  pv=p'J,  hence  on  ihc  whole  no  work  is  done 
on  or  by  the  double  piston.  Next  let  the  s|>ace  C  be  filled  with  gas  at 
the  prcMure  /t,  and  tbc  space  i>  wiUi  gas  at  ihc  pressure  p',  and  let  ihc«c 
two  spaces  l)c  connected  by  a  tube,  K,  in  which  is  a  diaphragni,  p,  pierced 
with  a  very  small  hole.  The  i^as  wiJl  gradually  pass  ilifougb  this  hole, 
and.  as  is  cvidei.l,  if  the  double  piston  is  mo\'ed  so  as  lo  keep  the  pivssuro 
in  C  constant  and  equal  10  p.  the  pressure  in  !•  will  also  be  constant  and 
equal  lo  /■,  When  eiich  piiton  has  passed  through  unit  distance,  a 
certain  mass  of  the  gas  will  have  passed  from  c  lo  i>,  lis  pressure 
changing  in  Ihc  process  from  p  lo  p'.  The  gas  escaping  into  D  has 
done  no  work  in  forcing  the  piston  11  back,  sinrc  the  pressure  of  the  gis 
aciinK  on  a  will,  as  we  have  seen,  exactly  do  ihc  requisite  wnrk.  This 
energy  is  of  course  supplied  by  ihc  pump  used  to*l;ccp  the  pitssurc  to 
ihe  left  of  A  constant,  nliich  ptoceis  iniglil  be  pcrfiinnnl  by  a  second 
pition,  O,  working  in  tlie  cylinder  and  driven  forward  by  hand,     llcnco 
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«v  have  allowed  tbc  fiat  to  cxpaitd  wiihout  doing  cxlcmiLl  work,  nnd 
anychanj-c  of  icinpvraiure  tl  Mpcrionce;  niu»i  bcdueio  the  performance 
of  iotenul  wmrl:. 

TTie  lame  pmceis  ntiuld  go  on  if  llie  piston*  were  not  present,  for 
throughout  the  chiuige  we  hnvc  mippotcd  llie  preiiUrc  on  ihc  two  sides 
of  each  pition  lo  rnnain  the  fMnv,  to  th.-ii  if  gas  ii  allovrcd  lu  eicapc 
through  a  fine  opening,  any  change  in  tcmpcraiurc  produced  will  be  due 
10  ■nicm.xl  action  bctn-ccn  the  molecules.  The  Icnipemtun:  mu-il  not  be 
Ulien  immediately  at  tlie  openrn);,  for  there  the  ga«,  as  it  rushes  out, 
poaacMMS  coniidciable  kinetic  energy,  and  it  )s  only  afler  thio  kinetic 
energy  hu  been  lost  1>y  the  friclion  of  the  gas  against  itself  and  against 
the  mils,  &C.,  and  the  bent  energy  originj^lty  used  up  in  setting  the  gas 
in  motion  is  relumed  to  the  gas  in  the  form  of  heat,  that  no  exiernal 
I       mik  has  been  done  on  the  eipflnding  ga^ 

I  In  their  experiments,  joule  and  Kelvin  nllowrd  a  steady  stream  of 

I      gas  to  pKH  through  a  long  copper  spirni  iTiiinerscd  in  a  water  hAiR  kepi 

at  a  unifonn  lempeciiure.    The  gui  then  escaped  throogh  a  porous  plug 

made  i>f  cotiun-orool,  which  acted  the  p;irt  of  the  fme  hole  V,  and  also 

piercnicd  titc  gas  from  leaving  with  any  appreciable  kinetic  energy, 

since  the  gas  rapiiilly  loses  its  velocity  ns  it  passes  through  the  interstices 

I      of  the  wooL    Tlio  temperature  of  the  gas  before  and  after  its  passage 

I      ifaroi^h  th«  ping  was  indkaied  b)-  Km  delicate  tliermomelcrs. 

I  In  the  following  table  are  given  some  of  the  results  oblamed  for  a 

I      diflletvncie  to  pressure  Ixtwcen  the  two  adea  of  the  plug  of  one  aiinos- 

Iphere:— 

^^    It  win  be  observed  that,  ciccpt  in  the  caac  uf  h)'drDgen,'  there  is  a 
^nmlinjt,  indicaiins  jji.ii  »oii  has  tu  be  done  \n  separating  the  nialccules. 

I  BmcM  npftnirTrti  \iA\-r  •lunro  Ibi4  id  low  U9iipelM«as  then  liaCoolla(l»1 


TempenttK  befnre 

puling  through 

the  Plug. 

Carbon  dioxide    . 
II 
» 

Hydngea    . 

Afr  "   . 
n 

rutc 

19.I 

9'S 

li 
91.7 

8-7 
9}o 

&S 
9as 

17-1 
9Ij6 

IWf.C 

-1.K17 
-1.144 

-0.69 

-0.305 
-o,i«7 
-0,317 
-0.16s 
-ho.of!9 
+0.046 

-"S5 

-0.203 

k 


mc 


The  ticatin^  nhtaincd  in  the  case  of  h^nlrajfcn  ■«.-)>'  lie  due  (o  the 
molecules  at  ocdinaiy  icinpenttWM*  rcpctllRfT  nne  anoiher,  so  Ihai 
ihcse  inicimolrcular  forces  do  venik  whRti  ihc  gaa  ex- 
|Mnds.  It  muil  lie  renuikcd,  lionrcver,  thiU  we  bavo 
supposed  that  the  gas  obe>-i  Iloylc"*  law,  and  that  ibe 
known  deviaiioQ  from  Boylc't  law  would*  in  the  cim;  of 
hydrogen,  fpve  a  healing  eRect.  As  the  leniperalute  ia- 
ciYAses  the  cooIJnj;  in  the  rase  of  CO„  N,  O,  and  air 
decreases,  at  alsn  dnc:«  the  hrminK  in  the  case  of  It.  These 
results  agree  with  those  given  in  S  130  as  to  the  cflecis  at 
icmperaiure  on  the  dcpaitutc  of  these  gases  front  Boyle's 
law. 

Tlie  lunoLint  of  the  <:otilini;  h  proportional  to  the  diflerence 
in  pressure  on  the  two  sides  of  the  plug  at»d  tu  the  tnirerse 
i^qiinrc  of  the  nbiolutc  temperature.  Although  in  Joule  and 
Kelvin*  rxperimenl  the  cooling  obtained  was  so  very  &mall, 
yd  by  incicaving  the  pie«iirc  difference  and  reducing  the 
leiiipeniiurc,  Linda  has  actually  been  able  10  liquefy  air  by 
:i  lUiichine  in  which  ihia  cooling  due  to  the  intcrmolecular 
forces  is  used. 

A  powerful  pomp  A  (Fig.  aos)  dratn  air  out  of  the  fcibc 
r  ;ind  ptinips  ii  at  a  pressure  of  about  tifiy  atmospheres  inio 
the  tube  n.  from  which  11  escapes  back  into  r  through  a 
poroui  plug  C.     The  heai  developed  by  the  rotnpre«inn  in 
the  pump  IS  removed  by  sutrounding  the  upper  parts  of  the 
TT^         tube  II  by  a  jacket  of  cold  water.     The  nir  becomes  cooled  in 
'©>D       iis  iKtsnagc  ihrough  the  plug,  and  as  it  passes  up  through  k 
P   '  it  cool*  the  descending  air  in  the  tube  ii,  uliich  becomes  yet 

*■  colder  when  passing  Ihruugli  the  plug  C.  The  gas  is  pumped 
round  and  round  in  ihis  way,  iti  lempeiatLite  at  it  pas^e^  down  (he  lubc  B 
being  always  icduced  to  llidl  of  the  pte^•i^)u»  portion  when  cooled  by 
expanssun  and  so  on,  till  finally  the  critictl  ii^mpcraturc  I ^  p;isse(!  .ind  the 
gas  condenses, 

355.  Relation  between  Internal  and  External  Work  during; 
Change  of  State.  Whm  a  body  changes  iis  stale,  and  In  doing  so 
changes  its  vuUmie,  the  Intent  heal  involved  is  parllf  used  in  doing 
internal  work  and  partly  in  external  work.  Thus  in  the  case  of  the 
fusion  of  ice,  when  1  gram  of  ice  at  o'  is  converted  into  water  at  o*  under 
atmospheric  pressure,  a  contraction  of  .0907  c.c.  takes  place,  and  hence 
work  is  done  on  the  body  by  the  atmospheric  pre^ute,  and  the  heAt 
equivalent  of  this  work  helps  the  change  of  state.    The  heal  etiuiv.ileni, 

//,  of  Ibb  work  done  by  ihe  aimusphertc  pressure  is  ■  - .     ='  . ,  where  fi 

is  the  atmospheric  pressure,  and  ;/  Ihe  change  in  volume  of  unit  mass  in 
diaaging  to  water. 


%»S6] 
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Hence  ^,!ouyox^y7_  t^ 

4.1S9X  lO- 
TTiiM  the  btal  retiuired  to  (xrfonn  ihe  inicinal  work  necruary  to  coo- 
ml  I  %nm  of  ke  into  water  is  i+.ooo)  otloriei,  where  /-  is  itw  I»lcnt 
heaL 

[d  ihe  ca*e  of  tieAm,  the  change  of  volume  of  i  gram  of  waicr  at  100' 
toiteaia  at  100*, under  n  preuureof  ■  atinoiplierc,  ia  1649 c.c.  Hence  ihe 
mcmiLl  *-otk  which  hu  to  be  done  b^  llie  sieam  is  loi^oox  1649  ergs. 

aniliheihtrinalcquifsleBt  nf  thisi*  -.  .a-     -,  ,  -  =39.9cnlorie9.   Tlius 

lb*  heat  spent  In  internal  work  i«  S3*--  -  59>9=49'>.3  calories. 

266*.  Theorotlcal  Value  of  the  DlfTerence  of  the  Specific  Reata 
of  »  Gas,  —  1 1  \\3,s  been  shown  in  S  '97  iha'  M  fi  ."id  !■  are  the  presenile 
mid  volume  of  a  mais,  m,  of  a  pcrf^^ci  ^%  »t  a  lempeialtire  T,  nieaiiircd 

^aJiDin  absolute  lero,  aod  fir,  '■*  are  ibc  preisure  and  volume  at  o*  C.  or  17]' 

^Bm  tbe  al»oluic  scale,  we  have 


^'-^•'•- 


Mow  if  f>  ti  ili«  density  of  the  ffati  ai  a  pressure  ^t  and  at  a  tempcraiure 
of  o'  C,  wc  have  m^v^,  irhile  /,  rt  equal  to  one  itandnnl  aimosphere, 
at,  in  e.j[.i.  units,  1013^60  dynes  per  square  ccniimcue.  Subuituiing 
tbese  values, 


I        Hum 


lOMlGOM-. 


^    iHm  deal  only  whh  unit  mats  of  ihe  gas  m  that  m  is  unity  and  v  b 
the  rolumc  of  unit  mass. 


fiV' 


,371^6,. 


tloag  as  ve  are  dealing  with  any  givea  gat,  p,  the  density  nndcr 
ccmditiuni,  is  a  constant,  10  that  wr  may  write  thii  equation — 

I 

•here  /f  isa  coosianl  forany  ooc  gas,  and  b  equal  to  3711^'p. 
We  have  Ken,  in  §  153,  that 


AC,-C)~J„ 


;  C,  and  C,  are  tbe  specific  litats  of  a  K''*  »'  consiani  preuure  and 
ne  nupeclively,  measured  in  tliennal  units  (calorics  per  KiamX  while 

I  i)i8  density  uf  the  ^ps  at  a  pressure  of/  dynes  per  iquare  centtmeiie 

I  a  ttmpcmlur*  T,  on  tbe  aliMliite  scale. 


Htat 


t§'S7 


Kenci:  ifu-e  uke  tlic  c^i  und«r  Bian<Urd  CMidiliont,soihat /•  U  «)ua1 
10  loijiOo  dyne*  per  square  ctrnimeire,  and  7",  is  373*1  ■*  Iwe 

-37II-6V 

Tliaiyi^C/— C.)  is  K  coBsUuii  for  all  perfect  gases. 

Now  „  ,, 

/r-37H.Wfr 

Hence  J{Cp-C^~R. 

If  the  cpecilic  heaM  are  nut  meuurMl  in  tliemul  uniu,  but  In 
mecbanicftl  units,  namely  en{s>  ihen 

Tbus  the  conatani  R,  whicJi  appears  in  the  equation 

\i  numerically  equal  to  the  dilTcience  in  the  specific  heats.  It  must  be 
rcnicinbcicd  thai  the  expression 

was  only  obtained  on  the  supposition  that  there  is  no  force  exerted 
between  the  molecule*  of  the  gas,  that  is.  that  /W^  >^  vtm.  Hence 
|h«  relation 

can  only  be  exact  for  a  perfect  gas.  Tlic  following  table  gives  the  value 
of  R  and  of  C^-  C*»  for  some  gases,  and  shows  to  wh.ii  extent  agrre- 
nient  can  be  expected  in  the  case  of  an  actual  gas. 


Hydrogen 
Air  . 
Nitrogen . 
Carbon  dioxide 


A. 


41.3  X  llf 
J.88  X  to* 
1.97  X  10* 

1.94  X  Io» 


O-r. 


41.4  XIO* 
a.87  X 10' 
3.9(Sxio' 
iJ8xio» 


It  will  be  noticed  that  there  is  a  marked  dilTcrcnce  in  the  cftse  of 
carbon  dioxide,  a  gas  for  which  the  deviaiions  froni  Boyle's  and  Charles's 
laws  is  considerable.  Also  Ilie  difference  in  the  case  of  hydrogen  is  ia 
the  apposite  sense  to  that  in  the  cnse  of  the  other  gases,  a  result  which 
also  aprees  with  the  .inonialons  behaviour  of  this  gas  as  regards  Boyle'* 
and  Charles's  l;nv5. 

267*.  Changes  In  the  Kinetic  Energy  of  the  Molecules  of  a 
Gas  when  Heated,— We  have  seen,  in  §  143.  that  if /i  is  the  pressure  to 
which  a  gas  is  subjected,  p  its  density  at  this  pressure  and  at  a  tern- 
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peratuR  7',,  iben  the  mean  square  of  the  velocity  of  tnnxUiian  of  iti 
molecales  at  this  tcmpenuure  is  given  b)' 

If  v  b  ihe  vohimc  occupied  by  t  grain  of  tlie  |;as  at  a  pmiure  p  and  a 


iT 


tcmpcraiiire  T„  we  lav«  v^  i/a     Hence 

N'ow  if  all  the  molecules  I'loia]  musa  i  gram)  were  moving  witli  the 
relodty  %',  the  total  kinetic  cDergy  A',  due  to  the  motion  of  transl.-tiion, 
voidii  be  given  by 

Thus  pv\K. 

Nov  MipfMte  that,  keeping  tbe  pre»ure  consianl.  tlie  lempLTaiurt  » 
raiicid  I',  the  vohime  chaiiging  to  v  +  :■',  then 

irbeie  A*'  is  l]ie  total  kinetic  energy  of  imndaiion  at  the  lempem- 
ture  r,+  I. 

Bat  ^^  It  ilie  cxieraal  work  done  by  the  gai  during  tbe  expaniion. 
Thercfoie  :  ilie  cxicmal  U'ork  done  by  a  gat  during  expansicin  b  equal  to 
two-thirds  of  the  incnase  in  the  kinetic  energy  due  to  the  moiiom  of 
imulation  of  the  partkles. 

If  a  gas  is  heated  from  a  lempcmturc  7',  in  ft  temperature  T,  At 
cDftiuni  volume,  and  ;*,  and  p,  arc  the  otiifinal  and  final  pieuurcs,  we 
hav«,  since  the  drntily  of  the  gas  is  the  saime  at  Imtli  tcmpcrHtu^e^  and 

where  m  ts  the  mast  of  a  molecule.  Tbui  the  mean  kinetic  energy  of 
irautlaiion  of  the  mulccules  of  a  gas  is  ptopoiiional  lo  the  temperature. 

Thus  when  tlie  gas  is  heated  at  constant  rolunw  (o  r+ 1,  the  increaM 
ia  ibe  mean  velocity  of  the  mulecales  will  be  ibc  same  as  it  was  when 
Argat  was  heated  at  coiHinni  prruurc,  (he  rise  in  temperature  ticing  tbe 
taoK.  The  inciefttc  in  kinetic  energy  of  translation  will  therefore  be  tbe 
t  a*  before. 

Now  wben  a  gat  Is  heated  at  constjuit  prcsturc,  omitting  the  attrao 


Bu  by  Charlet*!  law 
HeBi:e 


Heat  djSl 

thwii  which  ihc  molccolM  wwn  one  on  uoiher,  whidi  Joule  and  KcltWi 
«KperiDwDt«  IS  3(4)  hav«  ilioxn  to  to  very  un*!!,  the  energy  impfImI 
may  be  used  in  ibrec  njrs — (i)  It  ii  cmptoyed  in  doing  exicrnal  «aii: 
■gainii  rbe  exienul  prc««ure  during  the  expatuion  ;  (z)  h  is  cmpiojvd  in 
iacTUKinK  ih«  kinetic  energy  of  irannlniinn  irf  ibe  maleculo ;  <J>  ><  i> 
emptoycd  in  incrraiintc  the  kinnlic  cnciKv  dii«  to  the  rotAllon  oT  tht 
molcculM  as  a  uholr^  or  la  vibrations  h  Ithin  ibc  nvokctiles  tli«nnMK'<^ 

Let  us  fini  sup|>osr  ihni  ire  hat-c  a  gas  in  whkfa  alt  the  eneif  yb  V-vA 
up  in  iho  iim  iwo  of  ihc»e  «*)«. 

Then 

<y    Erttrnal  work  ^  tnarrmemt^_K  r 
&■  Imrtm*Hlo/^  ' 

or,  tince  we  lut-e  thtnt-n  that  the  extern^  woHc  it  ctiual  to  two-thirdt  lU 
increment  of  the  tmuUttioiial  kinetic  cficrtiy  A', 

?;"  ~^f^:* — 

Thu«,  Tor  n  gas  in  which  none  of  the  energy  U  expended  in  Mitiag  vp 
molecular  rotation  or  tnolccuiar  vibtationt,  the  ratio  of  the  specific  ha» 
ought  to  be  1.667. 

Now,  if  the  mol«ciilc  of  a  gas  conaistEd  of  a  hard  spherical  atom,  •* 
thciuld  eipeci  that  ihet«  wituld  be  no  TtinlectiUr  rot.ilion  or  vibration  Kt 
up  hy  eolUtioni.  It.  Iion-ever,  the  mokrulc  ronsini's  of  one  or  mot* 
atoms,  which  arc  connccicil  tiigcthcr  in  sonic  way,  w«  should  e\pect  lh*t 
the  colliitioris  would  »ci  up  vibrationn  of  (he^e  atoms  within  the  molecule. 
Hence  when  a  gas,  a«  is  the  case  for  mercury  vapour,  givo  a  value  for 
the  ratio  of  the  specific  heat*  of  1,667  or  thereabouts,  w«  conclude  thai 
the  molenilc  of  such  a  gas  consists  of  u  single  uiom.  ■ 

In  a  gas  in  which  sowie  of  the  energy  is  employed  in  increasii^  ihel 
molecular  rotaiioni  And  vibrations,  Ih*  externa]  work  is  le&s  than  !ut»- 
thirds  of  the  increase  of  kinetic  energy  (due  to  translation,  v^braiinn,  and 
rotation), 

I'hui  the  fraction 


ExUrntU  wJOJupliiantui  in  tiitetic  fiurgf 
/mrMtt  Ht  tinetie  ntrrgy 
is  Am  than  1.667. 

If,  then,  the  value  ohtained  for  tlic  ratio  of  the  »pfcific  heaU  \k  leu 
than  1,667,  we  may  conclude  that  th«  molenilc  is  capable  of  MMtioil 
«nd  vibration,  and  is  thercfbre  runiplex,  and  the  lower  the  value  of  this 
ratio,  the  gTMkter  the  twmplctily. 

In  the  following  table  the  vnlurs  of  the  ratio  of  the  specific  heats  for 
Bonte  ftM\  and  vapour,  ai*  0v«n,  and  it  will  he  noticed  that  the  cases 


I 
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!*5 


wli«rc  the  ntia  u  imall  are  Jusi  ihoM  m  which,  intn  cbMnicsi  ooniidera- 
imiUt  "«  should  «xp*ci  a  cainpiex  t"Ble<nile. 


Ratio  of  the  Specific  Hbats, 

k 

Clwmical 

Ratio  ot  iht 

w 

Formub. 

?>p«'inc  HniU. 

Mnrpry        ,        ,        .        . 

?« 

t.666 

Ar 

1.63 

Caiboa  monoxide 

CO 

1.401 

Hydrochloric  acid 

HCI 

..                                          1 1   miMUK  of 

t 

Air 

1 

0.  «nd  N. 

\      1. 40s 

Qxyifcn 

& 

141 

Hydrogen 
Nilroeen 

H| 

CHCL 
C,H,3 

1-4  < 

r,4i 
1-336 

Carbon  dioxide 

1.3  II 

WaWf 

i>33 

ChWofomi  . 

t.tl 

Alcohol 

-I.I3 

Eiher 



C.H»0 

1^3 

* 


n 


tn  the  a.M  of  ciher,  if  Ji  is  ihe  enicrnal  woik  done  during  an  Incrcitye 
of  lcDipFr.iturc  of  one  defiiec,  when  the  prcssuic  it  ktpt  constant,  and  i 
■>  tlie  iitirtat4  >n  the  total  kiiittic  eneiV)')  ue  h&vc 

Therefore  £-.03*, 

to  ibai  in  this  <«m  tha  avtomal  work  is  nnly  three  hundr«d|lH  nX  tlit 

cnBTKy  uwO  up  in  incrcA^in^'  tho  molecular  moiions. 

Wo  may,  if  »«  lik«,  %<»  a  step  funher,  and  ict^  fhai  pro|wnion  ilw 
iiiLicuc  in  kinclit  clMr|;y,  dn*  10  llw  mwinn  ol'  Immlalion  (ki),  beark  lo 
lliE  incicaw  in  tlx  kinetic  cnerify  of  vit>nUion«nd  rotation  {>r).     I^or 

ow  we  haw  already  ilMnm  that 

ir  +  Xv      "'■**^ 

the  •Bwiiy  v*A  in  increawng  the  motion  of  translation  \s  4.7  prr 
of  the  eMryy  OMd  In  inctta^ins  the  inotienti  uf  vtbraiiuit  and 


Hence 
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AS 

Ul 

\  I 

a. 

V 

3 

\p 

«• 

0> 

^^ 

Ul 

%^fc 

e 

'Xb 

"D 

VOLUME 

FiO.  «6.  ' 
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258.  Adlabatlo  CarveS-'-Wc  have  in  .«  231  contidercd  the  cinret 
which  vhow  ihc  rclaiion  between  the  pressure  and  volume  of  a  substance 
whe-n  the  leinpcrAEure  tf  kept  conflanl  (isothcmiaUX  >nd  wc  have  now 
to  i-oiMidcr  nnolhcr  set  of  curves  which  thow  the  rclitiion  between  (he 
preiiure  and  volume  of  a  subitance  whoo  thcM  quaniiiies  change,  but  no 
httU  is  allowed  10  enter  or  lea«  tlie  substanoe.    TTwjie  turves  at«  called 

it  fotlom  fioin  what  hat  been  said  in  ^  :j:  that  when  a  body 
expands  and  does  eiipmai  work,  then,  if  no 
beat  is  supplied  to  ihc  body,  iti  temperature 
must  fall,  while  if  under  the  Mime  ran< 
diiions  the  body  is  coniprested,  the  tempera- 
ture will  rise-  If  All  (Fig.  106)  repr^-sents  a 
pitninn  of  ihe  isothermal  through  a  point  p, 
then  if,  statting  with  the  substance  In  the  con- 
diiious  indicaied  by  P.  we  compms  the  nub- 
stance  adiabalically,  we  do  work  on  it,  and 
therefore  its  lempeniturc  will  rise,  and  for  a 
);iven  pressure  the  volume  will  be  gicaier  than 
it  would  be  if  wc  had  kept  the  temperature 
constant,  i.e.  travelled  along  the  isothennal  PA. 
Henoe  Ihe  adiabatic  rr>  through  p  i«  more  sleep  than  the  isothennal 
through  tlie  Sisme  point. 

Tlie  i-c|uaiion  to  an  ndinbatlc  in  the  case  of  a  gas  may  be  found 
in  the  followtni-  way,  Lci  AB  (Fig.  ao6a;  be  a  very  small  portion  of  an 
adiabatic,  and  draw  ac.JC  parallel  to  the  axes  respetiively.  Catling 
.\c  f'p,  and  CB  tv,  and  suppose  that  instead  of 
piissing  from  Ihe  slate  .\  tu  the  suic  b  along 
the  cun-c,  Vfc  go  along  the  pnih  At,  CB.  'Ilien 
the  heat  which  has  to  be  rommunicaied  lo  the 
bod)  to  pass  from  A  to  c  is  equal  lo  the  pro- 
duel  of  the  mass  of  the  body  (which  we  may 
lake  for  simplit-'ily  as  unity]  into  the  specific 
heat  at  constant  volume  (O  and  into  the  change 
in  leinpetaturc,  ■!/»  say.  Id  ihc  same  uay  the 
heat  communicated  to  the  body  as  it  passes 
fttim  c  to  R  is  C,  */„  where  «/,  is  the  change 
in  tcmpeiaiuie  which  takis  place  as  the  body 
passes  from  c:  to  n.  I'hus  the  total  qunniity  of  hcnt  supplied  as  ihc  body 
passes  from  a  10  b  along  the  pnib  Actt  is 

and  if  wc  irwikc  the  step  (sufficiently  small,  so  thai  tip  and  to  art  very- 
small,  this  will  also  be  the  quantity  of  heal  supplied  as  the  body  passes 
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frcNB  A  to  B  along  dw  odubatic    But  mux  it  ■■  an  &diabatic,  this  beat 
DUMt  n  MRX     Hence 

c.u,+c,ii,-o  ...   (I) 

Now  in  ■  gu  pvRT.    Hence,  if  when  v  is  constant  we  chuige  /  to 
/+4A  and  u  ■  renlt  Ti^apa  to  T+CU  ^  have 


or 

it,.Vt^-T; 

ta 

T-pvjR. 

Hence 

»'-t- 

%     ' 

la  tbe  svne  way  it  can 

beibown  that 

^L 

Hence  (1)  becoowa 

^C+J^Oc 

or 

C.       phv      ' 

where  k  is  the  ratio  of  the  specifii:  heats. 

Thus 

,bv           ip 

or  adding  unity  to  both  sides, 

l^k^=^AP    .    .    . 

(a) 

k 


V  p 

But  if  8f  is  imall  compared  with  t,  we  have  by  the  binomial  theorem 

andsimilarly  ( 1+^1     =1-  ^■ 

Hence  from  {2;  (,+^j;y^(,_^)-\ 

"  \    V     /     p+bp' 

But  r+Avand/H-^/aru  lhcvalu<;surT'and/at  the  point  B,  so  ihiil  calling 


3a« 


Heat 
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tbcM  */  and  f,  and  rcmnnbcrinx  thai  v  and  /  are  the  t«)ims  ni  a,  both 
pMDts  being  oo  tiw  adiatMiic  «  c  haw 

or  fi-tf'=fiti*. 

Since  for  any  (wo  poinis  A  xnd  B  on  tbe  adiibatic  the  above  relation 
boldt,  it  fbIlov«  that  we  have  fur  all  poinu  on  the  adiabaiic 

T  "  ^i^=a  coiaiiini- 

.  1    2S9'.  Dtrect  Determlnatloo  of  the  Railo  of  tb«  Sp«Gtflo  Heats 

for  a  Oaj. — The  hkwi  direct  way  of  iiicusuiing  ihe  tutio  of  ihc  specific 

heat  at  oonstvii  pcessure  to  that  at  ooflitant 

\oIiiinc  'm  the  one  employed  by  Client  and 

The  gas  to  be  expciiineiited  on  ia  contained 
in  a  liitge  gas  hiUcxin  a  (Fig.  207),  which  oat 
a  wide  inouih  that  can  be  cloMd  by  a  plnte  of 
(■[Dund  glass  B.  A  inaiiumeter  C  serves  to 
ine;isure  the  pressure  of  the  gas.  The  oprning  u 
being  closed,  a  Utile  of  the  gas  is  pumped  in,  so 
;ls  Io  make  the  pressure  /,  a  Itlite  gicater  than 
Ihe  atinospheric  pressure^  After  the  heating 
caused  by  the  compressitm  has  been  dis.sipnted 
by  conduction,  &c,  the  pUic  i>  removed  just  long  enough  10  allow  tbe 
preuurc  inside  to  fall  to  the  atmosptietic  pressure  /,,  by  tome  of  the  gaa 
tKBping.  The  gat  iniidc  the  globe  i-xpands,  siuA  the  expan^on  is  »a 
npld  that  no  appreciable  quantity  of  heat  has  lime  10  pass  from  the 
w«IU  10  the  jas,  so  th^l  the  expunsiuii  Ss  adtubatic,  and  the  ternpemture 
of  the  air  U  lowered.  After  the  elo»inj{  of  Ihc  tipening,  however,  the  air 
bccntnn  ictndunlly  lir.-ilrd  to  its  old  ternpemture  by  heal  derived  from 
the  walls  of  the  vcmcI,  and  hence  the  pressure/,  rises  above  the  aimos- 
jihcric  jires^tire.  If  t'l  is  the  volume  of  unit  mait  of  the  gas  when  com- 
prrMcd  under  the  presstirc  fi^,  and  v,  is  the  volume  of  unit  mass  after 
Mpaniiion,  wc  liave  during  (he  adiabatic  expansion  that 
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AUn,  alnn  ihc  flrsi  lempcnturv  vf  the  gas,  wbca  the  pressure  and  volume 
*••"  f\*'\t  and  ilie  last  trinpe  rat  lire,  when  the  pressure  and  volume  are 
^,«'„  ant  ihii  inme.  ht  limt  by  Boyle's  law— 

A''t-/.'r 


S  s6o]  Hafw  of  the  Sfircifie  Hmis  of  a  Gas 

Subolituting  wc  rel 

^©• 

Or,  taking  logarittunvof  boih  «><]«>, 

log/, -log  A' 

RtacCi  Ifom  the  Db»er\-ed  preitturct,  p^  po,  nnd  /tt  the  v;ilue  of  it  cut  be 
CBlcabted. 

The  nsults  oi>iainc<l  by  this  mcihod  are  nol  very  iruslworthy,  since 
it  is  ditficull  tv  secure  perfectly  jdlabaiic  exprniMon,  tliat  is,  without 
appreciabte  pasta^c  of  beat  from  the  kjIIs  to  itic  x^u  during  the  time  it 
it  expanding,  and  ii  ihc  same  time  pccvcnl  ihe  outflow  of  ihc  gni  being 
osdUuoiy,  va  that  the  prvMure  ii  dl:enid[cl]i'  lest  &nd  greater  than  p^ 
a&d  only  bccooKs  ite;i<ly  ;iftcr  a  few  (Kicill:itii)iu. 

Another  method  of  dcicrmmins  the  value  of  k  will  be  de^tibed  whvn 
we  are  conxidcring  the  iclocity  "f  sound  in  gases. 

260,  Watt's  Indicator  Diagram.— tn  %  :$:  wc  liave  seen  thai, 
trbcu  a  gas  cxpandt  at  coiiilani  prcb^urc  againti  it  prtsitux  P,  the 
external  work  done  ii  cqiut  to  pi',  where  f*  is  the  cliangc  in  volume. 
SuppoK  we  niart  inlfa  a  givcu  quantity  of  a  gat  having  a  volume  f, 
ncdcT  a  pm»tiTe  /,.  a»  indicjied  by  the  point  A  (Fig.  ao3)  on  the 
diagram  of  pressure*  and  volumes,  then 
if  the  gtu  expandi  at  cooitani  pressure 

to  the  voJumc  v^  as  indicated  b)-  the  ^  g 

pwBl  II,  tbc  change  that  lake*  place  is 
represented  by  the  hoiitonlal  hoc  kv- 
The  external  work  done  iBA!i't~'iX 
and  sincx  /,  ■>  represented  \ff  the  line 
Ai-i  or  Wv  >»«  »ec  that  /iO',-t'i)  n 
BtBBcricatly  espial  lo  the  area  of  the 
rectangular  fixture  AK',:',.     Hence  the  VOLUME 

•ilerna]  n-ork  done  b)'  the  gas  is  reptC' 
waicd  by  the  area  i>f  this  figure.     If  l'>^  »^ 

•DW  the  pn^vsurr  is  decreased  to/^  the 

Mibane  being  kept  const.ini  (of  cour^,  the  lempcmturc  tritl  have  to  be 
ktwered\  the  dunge  it  iikdic-itrd  by  the  line  Vt\  and  since  ihc  ii-olume 
doea  t»ol  cliangc,  no  external  o-otri  is  done.  Next,  keeping  the  pressure 
ceoMant.  Icl  the  gu  lie  rooted  tiU  it*  vtdume  la  again  i'„  the  change  being 
npresented  by  the  Bnc  cii.  Duiini'  this  process  »ork  must  be  done  en 
tl»g«i,»od  the  amount  of  this  work  is  rcpie^niedhy  the  area  of  tlic  rec- 
tangle DCty'i-    Finally,  keeping  the  volume  mnitani.  heat  the  gas  till  the 
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ri»e«  to  /„  the  line  da  repteicniiag  the  new  change,  which  is 
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Uiuccompaniml  by  any  cxiemal  n-oik.  The  gM  ■»  now  inexactly  tbe  lame 
auie  a&  it  mas  al  the  nan,  and  we  lut'c  taken  it  through  vrhal  b  called  a 
cycle  of  o]>eraiiDn9.  Duting;  this  cycle  thetfaahm  pcrfonncd  an  amount 
of  rxtcnuil  vork  represented  by  the  figure  ABt',:'„  and  Imil  nn  amount 
of  work  rej)re>F[it<.-d  by  i>CP)i'|  done  on  it.  Hence  the  total  •mount  of 
exiemal  uork  done  by  the  (fas  diirinjt  ihe  e>'el(;  is  reprf*cnied  by  the 
rrcinnxk  Aiico  enclosed  by  the  path  vrbich  indicates  tlie  dtfTcrent  con- 
dilions  to  which  the  gns  hns  liccn  tubjccird  durinif  the  cyc\e. 

If  the  cycle  hud  been  traversed  in  the  opposite  sente,  n.imdy,  ADCHA, 
it  can  easily  be  shown  ih.it  on  the  whole  an  anmiinl  of  work  tcprcscnied 
by  tbe  recijingle  aBCU  would  tiavc  been  done  ^x  the  ga^     Hence,  if  such 

a  cycle  i«  iravened  in  the  docknise 
direction  work  Is  dune  by  the  |,-as,  and 
if  in  the  anticIockwiiK  direction  'Kr>rk  is 
done  on  the  gat.  In  the  above  example 
wc  hai-e  supposed  that  the  pressure  and 
volume  changed  one  at  a  time.  If,  now, 
wc  suppoM  them  to  chant[c  simultane- 
ously, and  [he  teas  10  chan^^c  from  the 
conditions  indicaird  hy  the  point  A 
(Fig.  109)  to  those  indicated  by  the  point 
It  along  the  curve  AR,  ivc  may  KUp|Kise 
that  the  cunc  is  rcpLiccd  by  a  stepped 
ciiri'c  such  as  that  shown,  along  which 
the  pressure  and  %olunic  only  chan^  one 
at  a  lime.  When  the  gaa  is  going  from  a  to  C,  the  volume  being  con- 
stant, no  work  is  done.  When  the  part  CD  is  being  traversed,  the  work 
done  is  rcptcscnied  by  tJie  rectangle  ci>ViiM,  and  so  on-  Now  if  wc 
imagine  the  number  of  steps  taken  as  infinitely  incre.^cd,  tlie  stepped 
curve  will  nowhere  appreciably  differ  from  the  curve  ab,'  and  the  work 
done  will  be  rejiiesenlcd  by  the  -Attn.  ABNM  Included  between  the  curves 
the  axi^  of  voUime*,  and  the  two  ordinate^  drawn  through  the  c\lrcni4 
points  A  and  u-  Hence  it  foUoivs  th.ii  in  the  case  of  .i  closed  cycle,  the 
work  done  by  the  body,  If  the  path  is  traversed  in  the  clockwise  direc- 
tion, or  the  work  done  on  the  body,  if  the  p.ith  is  traversed  in  the  anti- 
cIockB-Jsc  direction,  \»  i:i\a\i\  to  the  area  enclosed  by  the  path  which 
reprMcnts  the  cycle  of  ope  Ml  ions. 
.  .  f  261*.  Camol'S  Cycle.-A  iKirticuhr  cycle,  which  is  found  lo  be  of 
I  ,f*grcst  use  ill  the  ihcorj-  of  heat,  is  one  due  to  C'amot,  We  will  suppose 
that  the  viibstance  which  we  aic  about  to  rniisc  to  go  ihiougli  a  Carnot's 
cycle  (the  working  siih«ancc,  as  it  is  railed)  is  contained  within  a 
cylinder  w  (Fig.  3io).  tlic  walls  and  piston  of  which  are  perfect  non- 
conductors for  heat,  and  that  the  bottom  of  llie  cylinder  is  made  of  a 

1  Ttui  [Buonioi!  ik  lliu  taiuc  u  tlial  adopted  in  fi  n. 
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pcrfcxri  conductor  of  beat.  Further,  n-e  will  suppose  thnt  u-e  \avr.  ihrce 
mads  one,  X,  fitted  with  a  perfect  non-conductiiiB  top,  mid  of  llie  oiliera 
oiw,  Y,  kept  at  s  conitiint  tdnperaiure  T„  and  the  other,  z,  at  a  tomiant 
IcmpenUue  T„  these  beinc  each  fitted  with  a  perfectly -con  dueling  top 

Fit*!  pbc«  Ihe  cylinder  on  ihr  utand  z,  »o  thai  the  worklnj;  lubctance 
come*  10  R  icinpentture  Tt,  the  preuure  and  volume  bdng  as  indicated 


Y  X 

NON- CONDliCTOn  or  MtAT 

PERrrcT      „  „      „ 

Fig.  3icb 
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brthe  point  i)(Fij;.ati).  Now  place  ihocylinileron  the  non-conducitng 
■taad  X,  at)d  increiuc  the  pressuce,  and  to  decrease  the  t-olumc.  The 
change  mutl  be  adubatic,  since  the  non-condvictin{;  Mand  prefcnii  the 
escape  of  the  heat  due  to  the  compression.  The  compreuion  mu><i  be 
stopped  when  the  temperature  ha»  risen  to  T,.  The  cun-o  da,  which 
gives  the  reblian  bctrecn  the  prcuureand  volume  during;  this  operation, 
is  %xx  adiabaiic  K%  sjS), 
Next  place  the  cylinder  .   i 

in  the  stand  r,  and  ex- 
pand the  substance  by 
•tlowing  iIk  piston  to 
ri*e  tin  ibe  vijume  and 
preuure  arc  icdicaicd  by 
the  point  H.  During  this 
operation  licat  will  flow 
inio  the  Mtwlcing  >ub- 
•taooe  tliroi^h  the  con- 
ducting bottom  of  the 
crtinder,  so  that  Uw  leiti- 
peraiim  wiU  be  constant 
thioufhoul  the  process, 
and  hence  the  ctin-e  AU  *d)  be  a  jKitttou  of  the  Uotbcnnal  for  ibe  tem- 
perature T,.  NcKt  remove  the  cylinder  ftinn  V,  and  place  it  on  the  non- 
conducting stand  X,  and  continue  allovinjt  the  uibstanre  to  expand  till 
llw  trmpciamro  falls  lo  T^  Tliis  jMrtion  of  the  cycle,  sinte  ihc  rscape 
or  lapply  of  beat  to  the  working  suL  lance  it  prevented  by  the  noiv- 
randaciint;  stand,  b  adiabatic     Next  place  the  cylinder  Ml  Z,  and  force 
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VOLUME 
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the  piftMi  down  till  the  preuure  and  volume  beeome  the  Mme  as  at  (be 
Han.  UnrinK  ihU  pun  a(  ilw  opention  lieai  n  g\r*a  out  b)*  the  working 
■uhatance  lo  the  lUnd,  and  cd  it  a  portion  of  tlui  itoibermal  for  T^  The 
cycle  it  now  complete,  (h«  •-oikinfc  subtisnce  being  in  exactly  lh«  same 
condition  a«  at  the  »ian.  OurinK  the  cycle  an  atnoitm  of  work  icprc- 
teniod  by  ilt«  km  abcd  hai  bean  parfotntcd,  atto  during  tlie  ponlon  t>f 
llie  cycle  cepresented  by  ab  heal  has  be«n  supplied  lo  the  working  sub- 
sunce  at  a  (empcmturR  T,,  *nd  duriiy;  the  ponion  CD  heat  hn«  bc«-n 
given  out  by  the  working  ^ubttanci^  at  the  tcmpcraliirc  TV  'C  ffj  '*  ilie 
<|uanliiy  of  hi:nt  taken  in  at  the  tcmpcniiurc  7~„  and  //,  the  quantity  of 
hexc  given  out  at  tho  lerapetature  7",,  tbcn  from  llie  first  law  of  ihcnna- 
dyn.imica  it  follan-i.  since  the  Initial  and  final  sutes  of  the  working' 
substance  are  the  same,  that  the  work  If' dune  during  the  cycle  must  be 
equivalent  to  tlie  heal  whidi  has  been  used,  so  that 

Kow  the  maximum  quantiiy  of  work  vhich  can  be  obtained  from  //, 
units  of  heat  is/y/,.  The  ratio  of  the  actual  amount  of  work  done  in  any 
cycle  to  the  maximum  anwum  of  work  that  could  be  done,  suppose  ail  the 
h«;i[  supplied  had  been  convened  into  inethauical  energy,  is  called  the 
efficiency  of  the  cycle.     Hence  the  cificiency  («)  is  given  by 

The  peculiarity  of  Camot's  cycle  is  that  the  cycle  may  be  traversed  in 
the  reverse  diteciion,  a  quantity  of  litat  //j  being  taken  in  by  the  working 
substance  at  a  temperature  /*(,  and  a  quantity  of  heat  f/^  given  out  a1  ■ 
temperature  7*,,  whiica  quantity  of  work,  represented  by  the  area  ABCD. 
has  to  be  done  on  ihc  working  substance  during  t)i«  cycle.  For  this 
rcaMn  Camot's  cycle  is  called  a  ctvei^Jbtc  cj-cle. 

Carnot  also  showed  that  l>y  adopling  a  levcraiblc  cycle  the  efficiency 
obtained  was  the  greatest  I)a^siblc.  Kor  if  not,  suppose  we  had  two 
engines  working  bctn-ei:n  the  same  temperatures  7*|  and  7*^  one,  yt, 
working  in  a  reversible  cycle,  and  ihc  other, /f,  having  a  greater  cflTicIency 
than  yi.  and  that  A  works  dircn,  taking  in  heat  from  a  body  at  «  lem. 
pcrature  7\.  and  giving  out  boat  to  a  coltl  body  at  a  teniporatura  7*^  and 
ihat  the  mechanical  work  it  dues  h  employed  in  »*orking  the  reversible 
engine  ^  backwards,  so  that  it  takes  in  hent  at  a  tnnpenture  7^  and 
give*  it  out  at  a  tcmpcnitiire  T,,  Let  the  quantity  of  heal  taken  in  by  B 
at  the  higher  temperature  bi;  /^„  and  that  given  out  //^  whik  the  hnat 
taken  in  by  A  at  the  lower  temperature  be  //j,  and  that  given  out  at  the 
higher  temperature  be  //,.  Then  /fi-Zf,  is  the  bent  convened  Inlo 
wmk  by  ^,and  //|  — ^|isthe  work  converted  into  heat  by  .-f.    Now,  if  all 
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ibo  w«rtc  doof  1>7  Z' i>  tucd  in  lurking  yl,  it  faOowi  thai //*,- //^o //|  - /^|, 
The  cffidcivcy  of  ^  is  "kJ^  »n<l  that  of  *  is  ^*Zi~'*-  henoe  by 

wppostiion  £l--^»  1,  icM  ihan  ^^^*.     -nierefore  since  M-M 

b  equal  to  H\  —  lf^  it  frtllou-n  ihni  //,  mon  be  grcairr  than  H\,  « 
ihat  W,  must  aI«o  !«  Jtrcawr  than  //■(.  In  otbrt  words,  the  heal  //, 
taken  froTTi  th*^  roM  body  by  A  n  grfalcr  thun  the  heat  //',  supplied  to 
It  by  //,  w)iile  ihc  lies!  //f  supplied  to  the  hot  body  by  A  ii  ipvjiteT 
tlun  tbc  heat  //^  taken  FrOfn  it  by  H.  Thus  as  the  coin biiiiii ion  eon- 
linurt  to  work  the  c«M  body  will  Ik  graOually  robbed  of  all  us  hent, 
»hile  Ihc  h*ai  of  Ihc  hoi  body  will  increaie,  and  this  without  ibe  expen- 
diture nf  any  fxicrnal  eneigy,  which  it  cntiicly  con'rary  to  experience  j 
lor,  unl«w  there  ii  an  exp^diture  of  extrmal  cne'r|t>',  experience  shoirii 
iKii  heat  alirayi  itous  tnan  the  body  at  ibe  higher  lemprmiurc  to  thai 
at  tl*  towoT.  Hence  a-c  are  kd  tothcconclmionthatanc-nginR  nwking 
in  a  CanMt*t  rvverMbIc  cycle  Is  the  most  rffirient  tini  it  h  pOMible  to 
haiv  working  b«lwciMi  the  two  given  Ictnpi'nturc)^ 

It  atto  follow*  ibai  lincc  n  stibsiance  when  it  goes  ihrougli  k  Clmot^ 
fwcnible  cycle,  taking  in  a  quaniity  of  heat  //|at  a  temperature  /„Bifd 
giving  out  heal  at  a  temperature  7',,  convenn  the  maximum  fraction  of 
die  heal  received  into  «»ik,  that  all  wnrkinK  «u1ntanrrii  when  u*rH  in  a 
Camot'i  reversible  cjcJe  ina»l  haife  the  wmc  efficiency.  That  W,  tliat 
ibe  fraction  (uork  done  during  cvctc)4-  //,  RHiit  bo  a  coi\Mant,  «o  that  so 
tonga*  Hi'  the  t|uaniity  of  heat  taken  in,  remains  the  snme,  the  (|uuiiii[y 
nfWMk,  H',  done  diirin);  the  cycle  muM  tcmain  the  same,  and  dtpends 
<mly  on  the  temperatures  T,  and  7'^ 

At  (irtt  tight  Uw  reason  (or  tliii  may  not  appear  quite  clear.  What 
•m  »tiow  is  that  for  an  engine  working  in  a  rcvenible  cycle  the  eHiciciwy 
i*  the  highest  poMiblc  whatci-er  the  working  Rihaiattre,  fo*  we  have 
OMile  no  aswmpiioiti  as  lo  the  nature  of  the  wotting  miNiiance.  Now 
if  the  efitciencies  of  a  number  of  reveriible  engines  with  diffeient  working 
Mthataorea  are  aU  the  niiucimum,  they  must  aJi  \x  eijiMl. 

The  above  renilt  nay  not  appear  lo  agree  wiili  common  sense,  for  if 
tbc  wofking  substance  in  an  engine  is  ether,  say,  we  might  at  first  s-ight 
bope  to  obtain  a  higher  efficiency  ihnn  with  water.  For  the  vapour 
pRMwn  of  rtlier  at  any  temperature  being  higlKr  than  that  of  water  at 
the  same  tempemtuTr,  live  pressure  in  a  boiler  filled  with  ether  ii'ouI<i  he 
greater  than  in  a  Kiiler  filled  with  water  at  il>e  «an>e  temperature.  Thus 
the  npmir  supplied  10  ihe  ether  engine  «ill  be  at  a  higher  presiure  than 
that  sopplieil  by  the  water  engine,  atvd  so  we  mi(;ht  expect  that  we 
sbiKiM  gel  tnnre  work  by  allowing  lite  cthei  vapour  to  force  hack  a 
piaton  than  in  the  case  of  the  steam.  It  must,  hotreier,  be  remembered 
that  ii  the  back  of  the  pision  we  have  acting  the  pretnre  of  the  exhaust 
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mcam  or  vapour,  and  that  the  coiwIenMi  for  the  two  engines  muti  be  nip- 
poied  to  be  Kt  the  tame  temperature,  ur  lliey  would  not  be  workinj;  through 
the  siuuc  ntn^.  Now  the  vapour  prewure  of  the  cthef  at  the  tcinpcratuie 
of  the  condeiiMr  will  be  urcaicr  tbun  tlut  of  the  water,  and  m>  not  only 
the  fbrward  pressure  in  the  ether  engine  but  alio  llic  buck  pressure  it 
greater  than  iii  the  water  cnjcine,  and  ki  tw  advantnice  i*  joined.  In 
addition,  durint;  the  CA|un»ion  of  ilic  vapour,  which  niuM  of  necesut^ 
lake  place  in  liie  cylinder,  the  vapour  must  give  up  heat ;  this  beat  being 
the  equivalent  of  tbe  work  done.  Now  water  vapour  is  able  to  giv-e  uf> 
more  heat  fiir  a  given  fall  of  temperatuie,  and  ih*  latent  lieat  of  steam  b 
gtcaicr  than  that  of  eihrr,  *a  that  on  both  these  accounts  mure  heat  i* 
available  for  conversion  into  mechanical  energy  in  the  case  of  water  than 
ia  the  caM  of  ether. 

Henc«  a  Caruot's  cycle  being  a  thermal  process  which  is  independent 
of  the  nature  of  ibc  subitance  in  which  the  thennal  changes  take  place, 
it  at  once  becumes  of  interest  lo  see  whether  we  cannot  utilise  this  bet 
in  order  to  define  a  scale  of  temperature  independent  ot  all  prupertics  of 
nny  paiticubr  kind  of  matter.  The  scale*  which  we  have  used  hrreioFore 
nil  depend  on  the  chanjic  of  some  one  physical  property  of  some  special 
kind  of  matter,  thus  on  the  increase  in  volume  of  mercury  or  hydrogen, 
ibe  increase  in  re^istiince  of  a  platinum  wire,  the  thcrmo-clectTonnitive 
fiirce  of  a  junction  of  two  given  metals,  &c.  A  icale  of  temperature 
depending  on  Canmi's  cycle  ;ind  independent  of  ihe  properties  of  any 
particular  kind  of  inatlei  has,  however,  been  devised  by  I.ord  Kelvin, 
niid  lo  this  scale  only  can  the  title  "  absolute  "  be  given  »i[h  jii*.tice- 

If,  as  before,  we  imagine  a  Camot's  cycle  in  which  a  quantity  of  heal 
//,  is  drawn  from  a  source  at  a  lemperaUirc  7\,  and  an  amount  of  work 
IV  is  performed,  //,  units  of  heat  being  given  out  lo  llie  refrigerator  at 
the  temperature  7*^  we  may  according  to  the  first  law  measure  //j  and 
H,  in  terms  of  ergs,  in  which  case  //,-//,=  (f.  If  now,  keeping  //, 
and  T,  constant,  we  adjust  the  temperature  7j  so  that  the  work  done 
during  the  cycle  it  unity,  tlien  the  two  temperatures  7 ,  and  7",  will  be 
such  that  if  a  Camot's  engine  working  between  these  temperature*  lakes 
//,  ergs  of  heal  from  the  source  it  will  perform  one  erg  of  work.  Next 
suppose  thai  another  cycle  is  taken,  in  which  the  lower  temperature  7",  i* 
so  adjusted  tlutt  when  //,  ergs  of  heat  are  drawn  from  the  source  at  a 
temperature  7'„iho  work  done  in  the  cycle  is  two  ergs.  Then,  according 
to  Lord  Kelvin,  the  difference  of  lenipcraiuic  Ijctween  7",  and  7")  is  to  he 
Called  Iwicc  the  difference  of  temperature  belween  T,  and  Tj.  Pro- 
ceeding in  this  way,  we  could  define  a  series  of  equal  lemperaiure 
intervals,  and  thus  form  a  ihcrniomciric  scale.  It  will,  however,  be 
convenient  not  lo  call  the  interval  7^,-7,,  or  T,-T^  as  above  defined, 
one  degree,  since  the  jrjlc  ihus  conilructed  would  not  resemble  the 
scale  ordinarily  employed.  We  will  therefore  suppose  that  7",  i*  uken 
as  the  tcmperalure  of  boiling  water,  and  wc  will  postulate  that  when  H, 


S  i6i]  Kehiti's  AiioluU  Scale  of  Ttrnprraturc 
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imita  of  hcai  arc  taken,  by  an  rapine  worltini;  in  n  biniplp  teverubic 
qrde,  (ruin  t.  %a\it<x  at  the  icinprnituic  of  boiling  wnicr,  aiiil  tlic  re- 
frigrrator  ii  at  (tie  Icinperaiure  of  ni«lting  ic«,  a  liundred  limes  tlie  work 
<rill  be  don«  that  would  be  {ton«  suFipminK  'h*^  tcinpvmur«  of  (he 
refrigemor  were  one  degree,  on  this  new  absolute  scale,  below  the 
irmpei3iurc  tX  boiling  uaicr,  and  so  on. 

Let  ill*  rm<-s  loT,  and  T,i,Tia  (Fig.  ail)  be  the  isolbcrmnls  for  the 
InopcTRtures  of  inrltinK  ire 
«ad    boiling  water   rc^pcic- 
ittely,  and  let  a  B  be  an  adia- 
batic  cuttint;  theic  twtlicr- 
■lals  at  E  and  G.     Suppose 
that  if  we  so  alans  the  im- 
tberawl  T,t  from  K  lo  f  an 
anouni  of  heat  //»  (mea-  w 
rartd    iri  erf's)  hAs   to  be  E 
lupptied  to  the  working  sub-  ig 
tOAce  to  keep  its  mn)M:ra>  il 
mre     cuasiant,     and     thai  ~ 
through  Fui:  draw  a  second  |^ 
adiabalic  CD  ctitling  the  iio- 
tbennal  T,  at  U.     Then,  if 
a  simple  reversible  en^'ine 
perinrms  the  cjrctc  efiic.,  it 
will    take  in   //»  unii«  of 
heal  at  a  temperature    Ty, 
ami  give  out   U,  units  of 


heal  at  a 
•bile  the 


temperaiuTc    TV 
work    II  ',t  done 
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durion   the   cycle    «ill    be 

rrpmented  by  the  area  o( 

the  isgoxt  EniC.     Now  draw  nine  isotbermats  between  T,  and  T,„  so 

i^acfd  that  the  area  intercepted  between  any  adjacent  two  and  the  iwn 

■diabatics  is  oiw-tenth  of  the  area  KriiG.    Thu«  the  area  shou  n  ih^ded 

ii  tu  be  one-tenth  of  Emc:.    Then  the  teinperatiircs  corresponding  to 

these  isotb^mkals,  if  we  call  the  temperature  of  tucliing  ice  17  j'  and  that 

of  boiling  ■atcr  373'.  are  ^83',  J93"t303*t  3'3*.  3^3'-  533*.  343*.  353*.  3^3' 
on  Lord  Kelvin's  abtolutc  scale. 

By  thp  doctrine  of  the  conservation  of  racr^'y,  the  maximum  amount 
of  worli  we  can  postibly  gel  from  a  quantity  of  lieat  //,  njff,,  \I  the 
qiMBtlty  //,  is  expressed  in  cakiries,  or  ximply  //,,  if  this  (|iuiniiiy  is 
espaesafd  in  erfr*.  KcepinK  the  Umpenture  7*,  of  the  soarae  constant, 
I  (be  amnuni  of  woik  If  obtained  during  a  c>'cle  will  increase  a*  the 
I  tmperaiure  of  the  tcftigcrator  b  lowered,  until  the  icmprrature  of  ibe 
^^■AifentoT  become*  s«ch  that  no  heu  is  ipven  to  it  during  the  com- 

^^    ~   ^ J 
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pretiian  porttan  of  tbe  cjrcic,  the  wliol«  of  tbe  heat  taken  in  beinx 
convened  into  woik,  *a  that  //,— M',  or  Ibt  efficiency  of  l)i«  c>xie 
bccnmct  unity.  W«  caanol  inu|[ine  a  reftiEcnitar  at  a  km-er  tem- 
jKTDturc  thHD  Ihift,  and  bcocc  m^y  taicc  it  u  ihc  Krn  on  thix  new 
abtoluiB  icalc.  It  ii  Ibund  iliat  the  wro  thut  deTined  coincides  with  the 
abtoUite  icro  a«  ^ven  by  a  ]>F'if<.-ci  gas,  and  that  the  wi  alifolute  scale 
agrees  very  Di:ariy  with  thai  uf  a  gaa  ihonnomcier  coniaiiiiiig  a  pcifect 
<gaA.  So  that  ihe  lue  of  the  ihennometric  scale  derived  [rata  the 
expansion  of  a  perfect  gas  is  justified. 

If,  in  Fig.  Ill,  any  otlier  adiabatic  KL  is  drawn,  then  this,  togetbet 
with  either  of  the  others,  will  cut  oR  equal  aruu  bctwe«n  consccutiire 
isothennals.  Thui  the  nrca  inlcrcepicd  by  any  tn-n  .-idinbatici  and  any 
two  iioihennalg  T^  and  7*^  say.  will  be  pinponiou!  to  the  difference  of 
tempera  lure  7",-  /"pforeachdcgrecofthisdifferencc  willcorre^pondioan 
equal  small  am  k,  such  ai  Ihe  one  shonn  shaded.    Tlius  we  sJiall  have 

M'-i(r,-r,), 

where  i(  is  a  conitant  depending  on  the  two  adtabatks  taken.  Knee 
W^M-f-H^  this  gives 

Now  if  we  make  T,  the  atuulute  icro,  there  will  be  Ty  small  areas  each 
•qtial  to  k  included  in  the  cycle,  and  //,  will  be  lero,  so  that  in  this  cue 

Now  the  efiiciency  of  a  re\-ersiblu  cycle  is  gtv«D  by 

Hence,  subsiiiuiing  for  //,  -  H^  and  //„ 

This  result  will  be  found  useful  when  we  are  considering  some  actual 
cases  of  (e\-cniblc  cycles. 

Tlic  above  equation  may  be  written 


'-if' 


-ff. 


to  Hut 


or  the  ratio  of  the  heat  taken  from  the  source  by  a  reversible  engine  to 
the  heat  given  up  lo  the  refriacrator  is  the  same  as  the  raiio  of  the  leinpcra- 
tlire,  on  Ihe  absolute  5(---ilc,  of  the  somcc  to  thai  of  Ihc  r^rii;eratoT. 

262',  The  Second  L«w  of  TheiTno  Dynamics.  ^Whcn  considering 
Ihe  eflicicncj'  cf  ■•  siniple  rcvenible  engine,  wc  said  thai  the  transfer  of  the 
heat  of  the  condenser  to  the  source  was  coniTary  to  experience.  The 
denial  of  the  possibility  of  .iny  such  action  forms  what  is  called  tbe 
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Mcond  law  of  ibennodynainics,'  and  )u«  been  put  into  »  conciae  form  by 
Ctaiaiui,  who  upteurx  it  ax  fullowi :  //  is  im^stiiU  fc*  a  ulf-AdlHg 
maMm,  Huaidnl  By  any  txttmat  agtacy,  to  UKvey  htat/rom  oiu  My  U 
mM»lher  nl  a  higher  Umfitralurt. 

Lord  Kclviu  has  caitnciAlccl  ibc  t^nnd  Liw  in  a  tjiglitly  diAorent 
form,  Ramely  :  //  it  im^'jfiile,  1^  ouant  u/  imiHiauUt  mattriiMl  ttgnuy^ 
l»  liiriire  iuJtaai€^  ifftetjrom  any  fitfriitn  i/,  mailtr  by  tooling  il  btiotv 
A*  Umfifiaiurt  of  Ike  cf^dtit  0/ surromiJimg  bodies. 

It  must  be  arrfuUy  borne  in  luiiul  iliui  thcM  laws  refer  oaly  10  the 
wofk  pcifnnncd  during  a  tycit  t>f  opctutionx,  in  vhich  tbe  intti.1l  and  final 
fUiea  of  the  anrking  tiibsLincc  aie  exactly  the  Munc.  Tbu.-;  when  a  gas 
b  »llo<vcd  u>  cjqaod  against  cxienul  prMsurc^  ii  di>c»  woik  tud  becomes 
cooled,  su  tlut  tn  this  way  il  may  do  work  although  \a  the  operaiion  k 
becomci  couicd  below  the  icmpciaiuie  of  surrouniliiig  objects.  The 
fiful  ilaie  of  tbc  gai  is  not,  bou-evvr.  the  ume  a»  [hv  initial  iilate,  and  it 
»-c  aiicmpt  to  biing  the  ga*  tuck  into  lite  initial  4tate  >n«  shall  find  that 
die  law  hold*. 

We  nwy  aim  pui  Uie  law  in  slightly  ditfcrcni  u-oids,  vii.  th&t  heal  of 
itself  never  panes  from  one  body  to  another  al  a  higher  icn^pcrature ; 
aad  if  by  any  mcaiii  we  cause  heat  to  he  transfcncd  from  a  biidy  10 
«tiMher  ai  a  higher  teniperaitue,  we  niiui  in  the  process  tupply  the 
tynemwiili  cnetKy  from  mme  outside  »ourcc.  Thui,  irhen  a  revcnihle 
engine  n  voiked  backwards,  beat  is  tnken  frotn  the  refrigerator  and  sup- 
plied to  the  source-  During  this  operation,  however,  cxicmal  enerny  ba» 
to  be  supplied  to  the  engine,  %ct  that  it  is  not  working  ''  by  itMir.° 

2SS*.  Calculation  of  the  Effect  of  an  Increase  of  Pressure  on 
the  flelllog- Point  of  lce.~The  second  law  of  thcrnio-dynamici  «-iII 
allow  u>  to  calculate  the  effect  of  preuurc  on  the  mehing-poinl  of  ice. 

Suppose  «v  have  a  gtam  of  water  at  o*  C.  and  at  a  pressure  of  one 
atmoiphcte,  the  conditions  being  represented  by  ibc  point  a.  Fig.  ii}. 
Now  allow  the  water  to  ftccn.  During  ihi- 
pruccM  the  tcuipriaturc  aod  prcsiuic  will 
remain  conitani,  *o  that  the  hotiionia)  line 
AB  will  repreww  the  change,  which  is  an 
bothennal  one.  During  this  change  Ro 
calorie*  of  heat,  or,  if  we  use  tneclmnical 
BDJU,  80  x/ ergs  will  be  given  out,  and  an 
auMunt  ot  work  f^',  where  ^  i*  the  change 
tt  nivant,  wiB  be  doM.  One  atmuifilwn 
being  1013300  dynes  per  square  centiroeirc, 


£ 


B 
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'  and  if  being  in  the  case  before  us  aotjo?,  tlie  work  done  is 
1013300x0.0907  erg*. 


I  The  dnlncdaai  mide  In  ike  Imi  nMion  ■>«  alM  gnnallj  rctand  to  ai  formtag 
pKrtef  Ikcscooml  law. 
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Now,  without  alUiiring  heat  to  enter  or  lave  the  ice,  retlut^c  the 
prcsMiTC  to  Kra.  -Since  ihc  change  in  volume  of  ice  (or  watet)  with  a 
diffcreoce  of  one  «tmi>sphcrc  i»  quite  inapprecinWc,  the  line  »c  «howini; 
tbiicltange  Uvenicnl,  .ind  no  work  is  done,  siippoainK  that  during  the 
c1ian(^  th«  ice  does  not  ineli,  that  i>,  if  the  [nrhiii>,'-poini  of  ice  doca  not 
vaiy  Willi  ilic  pressure.  Next,  supply  heat  to  ihc  ice  so  tlmt  it  iii«Il9^ 
and  we  now  piwa  along  Ct>,  Dutint;  tliis  process  heat  is  iitMurI>ed,  but 
since  the  pressure  it  icro,  tilthini^li  tlit  volume  decivaiiRi,  no  uxirma) 
work  is  done  on  llic  workinj;  iuliitance.  Finally,  raise  the  pa-ssurc  to 
one  aimiKpherc  along  the  adialniic  da.  We  have  now  gone  through  a 
reversible  cj'clc  of  opcrnlions  in  which  an  ninouni  of  work  leptiweiilcdby 
the  area  ,\ici)  ha*  been  done-  On  the  tnpposilion,  howiii-cr,  that  ilie 
mclling-poinl  of  ice  is  the  snmc  at  a  presturc  of  one  atmosphere  as  in  a 
vacuum,  the  (cm pc rat  11  re  at  which  ilic  heal  wai  uken  in  is  the  i^me  ai 
thai  at  which  ilie  heat  was  given  out  lo  the  refrigerator.  This  it,  how- 
ever, contrary  to  the  second  law  ni  thermo-dynamics,  and  hence  wc 
conclude  that  our  supposition  that  the  melting-point  of  ice  is  unaltered 
by  change  of  pressure  must  be  wrong.  .Since  external  work  is  done 
during  the  cycle,  the  icmpeiatiirc  when  the  heat  was  being  lAlcen  in  by 
the  working  substance,  that  is,  while  the  ice  was  melting  at  ihe  low 
pTCSture  along  en,  must  hare  been  kighrr  th.in  the  icmperatute  when 
the  heat  was  being  given  out,  that  is,  when  the  w;iter  was  freezing  al 
Ihe  higher  pressure.  In  short,  decreasing  the  pressure  has  raised  the 
melting- point. 

Wc  may  proceed  to  calculate  whalwould  bo  the  loH'cring  of  the  indting- 
poini  produced  by  an  increase  of  one  aimosphere.  Lci/ be  the  difference 
in  the  lem|)ctalute  of  mcliiiiK  itc  produced  by  a  change  in  pressure  of 
one  almnsphere.  The  icmpeiiilure  of  the  refrigerator  is  o'  C,  or  273*  on 
the  absolute  scale,  and  that  of  Ihe  source  273  +  /.  The  heal  absnrbcd  is 
80  calories  or  3.351  x  10°  ergs,  and  the  work  done  is  0.0907;*  ctgs, 
where/  is  one  jtimosphcre  expressed  in  dynes  per  square  centimetre. 
Now  (§  361) 

a T\~ 


Therefore 


>3S3xio''"373+'' 


Now  /  is  i-cry  small  compnred  to  373,  so  that  wc  shall  not  produce 
way  appreciable  error  in  omiliing  the  term  /  In  ilic  dcnoniinaioi  of  the 
right-hand  member,    Tlius 

o.o907X373x/=3.3Sjx  io»/ 


Irret'ersiMr  Qrdfs 
Itfi  »  one  atmocptiere,  or  loi  jite  dyiics  per  squart  centlmeire, 


b 


^  toijjfio 
■o*.co75. 


1'bb  ntiraber  agrres  wiih  ihc  twi\u  of  ciLpenment. 

2M*.  Irreversible  Cycles.— Th«  cycles  wliich  we  hAve  up  to  now 
cooMtlcicd  hi^eiill  Ijeen  reveniiWc,  that  is, if  IhEynre  worked  hickn-artjs 
aa  thai  atl  the  vurious  operulioDS  arc  performed  in  ih«  rei-er*e  onl«r  and 
icrae,  tbe  ph)'»icul  and  loechanical  chan)fc;i  are  alta  icvcnwd.  There 
•re,  bowcTcr,  nuioy  cydcs  of  operation*  in  whirh,  for  various  rcasona, 
the  opcraiMifls  cannot  be  revenwd,  or,  if  ihcy  .ire,  ihc  mcchanicAl  cliang«6 
are  not  nii'cried.  Thos  if  duting  any  cycle  any  of  the  energy  ii  em- 
ploy^il  in  producing  motion  agaiiui  ftiction,  tiuch  a  cycle  cannot  lie 
rriftsibie,  for,  m  »rc  hnvc  socD  in  §  no,  although  w«  reverae  the  direc- 
tion of  nwniofl,  ihc  conversion  o(  mechanical  encfuy  inw  heat  due  to 
fricdoo  alw4y«  takes  place.  Tliu^  nlicn  u'urkmj;  dircci,  ihc  engine 
mrtcing  in  Mch  a  cycle  may  tlo  a  certain  quantity  of  mcclunicAl  u'oik 
owing  to  the  expendiltm!  of  a  certain  qinntiiy  of  hcat-cnergy  ;  yet  if  we 
itvcrM  the  caffw  «)d  do  work  on  it  to  the  saiuc  extent  oa  it  did  before, 
since  wine  of  this  energy  i»  employed  In  doing  work  against  friction,  we 
slall  not  completely  reverse  tlie  ihernial  procetao.  Again,  if  dunng  any 
put  of  a  cycle  there  ix  cpuductiun  of  heui  from  one  p.iri  of  the  cn^pne  to 
uy  other,  tince  beat  fialy  flows  by  conduction  from  txidien  at  higher 
WBperatures  to  tbOM  at  touer,  on  reversing  the  engine  the  lie-Jt  that 
passed  by  conduction  from  a  higher  lo  a  lower  tcnipcraiute  is  not  made 
to  pou  in  the  n^vcrsc  direction.  It  «-a»  (o  avoid  the  condiicttoti  of  beat 
thai,  in  describing  Caniot's  rci'crstbie  cycle,  we  had  to  suppose  that  the 
wiUli  of  the  cylinder  nere  composed  of  a  perfect  noO'Conductor  of  heat. 
Also  during  a  re^-ersiblc  pnxeu,  when  there  is  passage  of  heat  fiom  one 
biidy  to  another,  as,  for  initancc,  in  the  Camol  cycle  during  the  ISO- 
tbennal  expansion,  when  the  vrarking  suhtt.tncc  is  taking  heat  frofit  the 
source,  it  \%  ncceMsiy  to  suppose  that  the  transference  Ijikea  j^ce  so 
slowly  tliat  llic  tciiipcraiuie  of  the  working  substance  never  differs  by 
more  than  an  infiniiesinal  amount  from  that  of  the  source.  If  ihis  were 
not  so,  when  «v  reverited  the  cycle,  in  order  to  reverse  the  conditions 
exactly,  wc  should  still  require  to  have  the  temprraiure  of  Uie  woiking 
sohstince  higher  than  that  of  the  source  by  the  s;iine  amount  as  before, 
aad  yet  have  hcnt  Oowing  from  the  source  lo  the  woriciag  substance,  >./. 
Uram  a  crJd  to  a  hot  body. 

2M'«.  Entropj,— In  many  problems,  etpccially  in  dealing  with  the 
Ibrrtiio  dynamics  of  the  slcain  engine,  ilie  qtiantilies  of  heal  given  ogi  and 
absorbed  by  ll>e  working  substance  during  various  opernlion^  have  to  be 
studied  lo  detail,  particularly  in  reference  to  ihe  work  done  by  or  on  the 


H€at 


\i  J64* 


working'  satMnioe.  Now  «re  \itVf*  «««n  ilni  although  the  MUl  qunntily 
of  trark  nliich  rorrcsprtnci*  to  a  given  iiminlily  of  heat  is  iiidcpi-iulent  of 
ihe  tcnipcniturc  of  the  liod)-  which  conuint  the  he:it  (fint  law  of  thctmo- 
dynaiTiics),  )ti  when  «<?  have  to  (orwidrr  ihc  ndiu)  convctsioa  of  ihii 
hent  into  mcchanioil  work  ihc  temperature  of  rhe  hody  nhicli  contain* 
the  hciil  has  to  Iw  taktii  into  ;»croiint  (jiccond  law  of  lheniin*<l)'nainics}. 
Now  in  the  Cariioi  i->'c)«  w«  hav«  slioirn  (J  36r)  ihal  if  //|  is  the  li«ai 
),'iv«n  10  the  n-orkintc  m>1tMiiik«  xi  tli«  tenipenHiara  T^  nnd  H^  i«  fha  liMit 
.},'iveo  ont  by  the  working  mbR(tMi<:e  Ht  ifae  lentperaiurc  Tf,  whcro  //,  and 
Ht  "re  measured  in  dynamirnl  nniti,  and  7",  and  7',  are  meAMired  ii»  the 
absolute  thenno-dynainic  icatc,  then 


or 


(0 


A 


Now  i^  in  ptnc)^  of  the  Camot  cycle,  in  which  ad  the  changes  are 
either  iiothcnnal  or  adiahallc,  wc  hat-e  any  Other  cycle,  such  as  it  repre- 
scnitd  by  the  clo»ed  cur\-c  in  Pig.  21311,  we  may,  if  wc  plea»e,  split  up 

this  cycle  into  a  vciy  l.nrge  numlxr  of 
Camot  cycles,  EFKti,  by  menns  of  isolhcr- 
ninls  such  ns  T\  And  T^,  and  adiabatict. 
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sticli  as  AB  and  cu,  and  th«  sunt  of  ftll 
these  cydei  »ill  !»  Ihc  saiflc  as  the 
original  cycle,  for  c;ich  of  the  adinbati'' 
portions  of  the^e  small  cycles  will  be 
traversed  one  w»y  when  it  belongs  (o 
one  clcmcninr)-  cycle:  and  in  the  opposite 
direction  when  it  formK  pan  of  the 
ndjaccnt  elementary  cycle,  uhile  b>- 
taking  the  ailiabntifs  close  enoug^h  to- 
gether wc  may  reduce  the  error  pro- 
duced hy  taking  the  portion  r.F  and  Hc 
of  the  cycle    as   lieinjr  formed  by  the 

iloAennaU  T^  and  ?",  instead  »f  l>y  the  portion  of  the  curve  included 

Mwwd  AB  and  CD  as  small  as  wc  please,  as  has  already  been  shown 

from  a  •ImDar  case  in  g  34. 

Now  for  each  of  (he  elementary  cycles  into  -which  the  cycle  of 

ope nt ion  has  been  split  up  the  relation 

muit  hold.     Now  in  this  expression  //,  it  the  heat  givm  to  the  worVing 
subiiance  at  a  lemporaiure  7~„  and  //g  is  the  h«>t  ^nvn  up  h)'  i)i« 
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•orliog  6ubManc«  al  ft  (ou^ientlucc  7^  If  we  (ilcasc,  h<n«v«r,  »«  may 
»7  that  -  ^j  is  the  beat  gjv«n  to  ibc  n'orkuii;  jubttsoce  nt  u  temperatuie 
?P  Id  this  case  we  may  put  in  words  the  fuct  r<prewni«i  by  eiiuuiion 
(i)  a»  foUow-s  : — Ib  a  Caniot  cyde  the  sum  of  the  quolienls  of  the  heat 
(ivcn  to  the  worfcinic  Hibstancc  by  the  temperature  at  which  the  iranx* 
fecencc  of  heat  taken  pl.icc  in  rqn.it  to  luo.  But  wr  hav«  M«r)  that  any 
cittxd  cycli;  on  be  (rprrbcnlcd  m  the  itiio  of  a  muiibw  of  Carnot  cycles, 
so  (fatu  lac  OMiy  Mty  ihac  in  xny  closed  rycic  ih«  turn  tA  ib«  quoti«ni9  of 
all  the  (puiBtities  <>f  heii  given  to  the  workioK  Kiibsfance  divided  in  ««ch 
ouc  by  the  trmpcrstiure  at  wtiicb  the  transfcicDce  takes  place  is  lero,  or, 
dUDi;  the  symbol  1  for  "  the  sum  of," 

SuppoM  that  the  conditions  of  ilit  working  iubstance  are  represented 
by  the  point  A,  ¥'vg.  113^,  and  thai  after  a  ccitain  Imnsfonnarioii  the 
cooditUKU  are  reptescnied  by  the  pornl  c, 
K«w,  from  what  ba»  been  ^taid  in  pre* 
vtMis  MTftioni,  it  is  obvious  that  the 
ifnantity  a(  hvai  which  has  bc<-n  tup|>lied 
10  (or  sbstraeted  from)  the  woikinK  sub- 
itance,  ai  is  paM«d  from  i)k  cundition  A 
10  that  of  It,  depends  ««  only  on  the 
co-o>ttinates  of  A  ai>d  B,  i>.  the  vntuci  of 
the  prcMure,  Totumc,  and  tempemliHT  at 
the  potDM  K  atMl  B,  bm  al»o  oil  the  /lj/A 
aknigwhich  ibctransfefmaiioniookplafe-. 
Thn  the  quRMiiy  of  heat  which  would 
taoc  to  be  supplied  to  pa^^  along  the 
pBtfa  ABC  ivootd  be  diflurent  from  the 
fioantity  wbldi  woitld  hav«  iu  be  supplied 
<o  pass  akin^  AIX^.    Since,  liowevcr,  if  we  lake  abcda  as  a  closed  cyclc^ 

wehav«tl)atX  _..o,  it  follows  that  the  value  of  2-^  for  one  portion  abC 

of  tbc  cycle  is  exactly  ecjual  and  opposite  to  its  valucfor  the  poriioo  CDa. 

In  other  wotd^  the  >^ue  of  Z  s:  for  ibe  path  ABC  is  tiw  ame  as  the 

valne  of  S  m  for  the  path  ADC.    Thus  although  the  total  <|uanii(y  of 

Ihbi  (t//)  wlikli  Inu  to  be  supplied  to  pa^is  from  A  to  C  >an«B  with 

Ibc  path,  (be  quantity  £  -~,  Aam  not  depend  on  tbc  path,  and  only  dc- 

pandi4n  «hc  iniiial  and  final  «uadiiions  of  the  u^rkinj;  substance.  \X 
ibe  posM  A  conrspuod*  to  a  sate  of  4be  wofkinj;  MibMMice,  wlii>ch  we 
talw  a*  a  Maodaid,  o*C,  and  a  preuiirc  of  76  an.  oj"  inen.-ury,  Hay,  in  the 
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:  of  a  gHMOin  woflunK  «ub*tance,  then  hown«r  wn  changv  from  thi; 
«4te  A  lo  (be  state  C,  the  ralue  oT  ibe  vxta  Z  —  duriog  the  process  will 

be  the  umc.    Hence  w«  may  conKider  th«  quantity  £^>s  an  attribute 

of  tbe  wforkiny  substance  nxisidered  when  tt  is  in  the  stsic  nTprescnlcd 
by  the  point  H,  just  ss  we  look  upon  the  encnty  of  a  body  when  under 
'  Kiven  condniom  «l  \n:m^  an  aiiribute  <rf  the  body,  and  Jtibt  as  the 
{{uaaiiiy  of  energy  t*  quite  independent  of  the  manner  in  wtiich  Iht 

eiaerm-  was  acquired,  so  (he  value  of  Z  -=  b  (ittite  independent  of  tbe 

manner  in  which  the  bridy  has  passed  from  the  standard  slate  tn  the 
Mate  indicated  by  the  point  H.     Hence  a  name  has  Iwen  gi\-pn  lo  this 

qtuniily,  and  the  value  of  the  sum  "^  j.  obtained  as  ibc  body  panei 

from  some  standard  state  a,  which  is  taken  as  the  zero  to  the  state  a,  is 
called  the  enlrofy  of  the  ImkIv  in  the  state  H. 

Thus  if  we  supply  a  body  with  a  quantity  of  heat  //,  the  temprrnlure 
of  the  body  being  7",  we  are  siid  to  increase  the  entropy  of  the  body  by 
sn  amount  HIT.  If  a  body  undergoes  an  adiabatic  cbangc,  since  no 
heat  is  supplied  to  or  alMtmcted  from  the  body  throughoui  ihc  chanife, 
the  quotient  H}T  is  icro  lhroui;hout,  so  that  no  change  in  tbe  entropy 
of  the  body  takes  place.  For  this  reason  the  adiabatic  currcs  are 
somctimos  called  the  isentropic  curves  for  a  substance  Durinj;  an 
isolhcmul  change,  since  T  is  constant,  ihc  chaOKC  in  entropy  of  the 
working  substance  is  numerically  equal  to  the  quantity  of  heat  givcif  to 
the  working  substance  divided  by  the  tcmpenimre. 

If  wc  take  the  temperature  and  entropy  as  co-ordlnaics  and  draw  a 
curve  showing  the  connection  between  these  twci  quantities  for  a  gii-en 

working  subsliincc,  then  from  the 
diagram  thus  obtained  we  can  de- 
duce (he  quantity  of  heat  supplied 
to  the  substance.  Thus  in  Fig.  aiy 
let  (ho  curve  ah  represent  the 
change.  Then  we  may  suppose  this 
cun-c  replaced  by  a  stepped  curve 
ActiRK,  &C.,  in  which  the  vertical 
pans  of  (he  siepped  curves  are 
isen tropics,  for  along  them  the 
entropy  ia  constant,  and  the  hori- 
lontal  portion*  are  isothermali. 
Now  the  change  in  entmpy  of  the 

working  substance  between  c  and 

D  is  represented  by  MM^  and  hence  if  7",  is  the  temperature  .i?P, 
and  //,  is  (he  heat  supplied  along  the  path  Ci>,  we  have,  since  the 
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dangn  in  entropy  it  equal  to  the  qnoiicnc  of  the  hcut  supplied  by  Ihe 
teiDpcrauiTc, 

ch>nge  of  entropy  =  AfJIi=HJT„ 
or  //,-=r,xAfM,. 

But  7',  X  iVJ/,  is  tbi;  am  of  the  rectangle  CI/.V,  A  Hence  the  hcM 
mpfilicd  irhile  the  worlcinK  Mbsixnce  undergoes  (he  change  CD  is  repre- 
sented by  the  area  of  the  figure  O/.V,  K.  Hence,  ns  there  ii  no  heat 
supplied  aloftK  the  vertical  poriinns  of  the  ttcppcd  path,  since  they  are 
i»cniropic«  or  adiabatics,  we  can  show  by  taking  a  siifRcienily  large 
nnmbcr  of  steps  that  the  heat  supplied  to  the  worlcinf^  substance,  as 
it  puM9  from  A  to  H  along  ibc  curve,  is  rcpreiiented  by  the  areas  in- 
doded  between  Ibts  curve,  the  ordinaies  through  a  &nd  u,  and  the 
axis  of  entmpy. 

In  tJie  above  discuMioD  we  havv  supposed  that  all  the  processes  are 
reversible,  that  is,  lliat  no  trrei-ersibk  prDce^scs,  such  as  eonduclion, 
Eonvecliort,  &c,  take  place.  In  practice,  buu-cvcr,  wc  arc  unable  [o 
secure  the  absence  of  irreversible  efTecls,  and  owing  lo  conduction, 
rxdiation,  and  convection  ihc  temperatures  of  ihe  varinus  paits  of  a 
syMon  tend  to  become  equalised.     Now,  if  a  body  at  a  (cmperaiurc  7~| 

k»*>  a  qiumtiy  of  bent  KA'„  in  entropy  b  reduced  hy  an  amount-     >, 

'I 
If  this  beat  is  communicBicd  to  a  neighbouring  bod>'  al  a  lower  tern* 
pcraiurn  T,  by  conduciioD,  Sec,  the  entropy  of  this  body  is  increased 

by  an  amount  -^J.     But  T,  is  greater  than  7*^  or  conduction  would 

9  ft  Site 

vnM  take  place ;  bencc  -jA  is  leu  than  -tsK  ^i  '■>  other  words,  ibe  lo- 

erante  in  the  entropy  of  the  colder  body  is  greater  than  the  Iom  of  the 
entropy  of  the  holler,  so  that  the  entropy  of  the  a)'Siein  uliich  oomprises 
the  two  bodioa  has  increased,  llie  effect  (4  conduction,  connection,  and 
radiation  is  ihui  to  equalise  the  ictnpcrature  of  tbc  ditTcrent  portioma  of 
die  iu>ivei»e,  and  at  the  wmc  time  lo  increase  ils  entropy. 

206.  Dtmensioni  of  Thonoal  Quantities.— We  has-c  used  two 
distinct  units  of  <)uantity  of  bent.  One  of  these,  the  caloric,  depends  on 
the  thcmul  capacity  of  water,  and  on  the  Kale  of  temperature  adopted, 
as  well  as  on  the  unit  of  mass.  The  other,  the  erg,  simply  depends  on 
the  fundamcntat  units  of  mnu,  length,  and  lime,  and  ha*  the  dimension* 
[.VZ*7'~^  If  Q  repTCscnii  a  certain  quantity  of  heal  measured  in 
calories,  and  ff  the  same  quantity  menuired  in  ergs,  then  bj'  the  first 
law  uf  ihermo-dynamics  we  ho%'e 

//-ya 

wben  y  is  the  mechaiucal  equivalent. 
Therefore  [//J-t-Vi'Z'-l-C/C} 
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How  in  %  3$t   wc  tuvc  •nco  that  the  value  tA  J  depMidi  on  the 

Rie  oT  icmpcraiurc  adiipicd,  vmtc  ihr  v;)Iiic  of  ^depends  on  ibis  scale. 

Jcnoe  the  dimcnuont  <ifyd«pc(ui  on  iIm:  Icmpcfulure  icnlc.     \Vc  do 

A,  bowet-rr,  know  iht  dtmcnilons  of  Icmpcrature,  a*  mcuiircd  on  llie 

onliiiaiy  (juf-ihcfmomcier  icatc,  in  lenn*  of  the  fiindanicnia!  units  of 

in>),'(h,  UMM,  *nd  time,  and  ro  we  arc  rtdiKvd  to  nsinK  a  cynibol  [^  Ibf 

the  unknown   dimgiwiow  of  tempenttii*.      Since    [be  tbettnal    anit 

i_de|)eiKl9  Ml  ihe  omm  of  wkter  taken,  w*  wdl  as  oa  the  unit  of  4«m- 

are,  we  baw 

The  symbol  if  here  plays  the  \a.n  of  a  fourth  ftmdanMmral  iinil,  nnd 
Professor  Rllckcr  has  proposed  M  cnl!  it  a  sttOMdary  fuitJa^nrntal  unit. 
There  ia  no  doiibt  that  it  in  only  the  limit  of  our  knon'lcdgr  as  to  the 
naiUTQ  of  tempcraliirc  u-hic4i  prc^-ents  out  cxpmsinK  \8\  in  terms  of 
[L[,  [.tf],  aud  [7^.  For  instance,  wc  hav«  in  J  257  suppovrd  that  in 
the  CUM  of  a  gas  the  temperature  is  proportional  to  the  mean  kinetic 
energy  of  iranilaiion  of  die  molecules  Hence  wc  ini^i  ni«auire 
(emponturc^  by  the  mean  kinetic  energy  of  a  molecule  of  a  gas  wbcti  at 
that  (cmpctaiiirc,  and  wc  should  on  this  scale  have 

As  yell  such  a  method  of  measuring  tetnpetaiure  is  not  warranted  by 
our  knowledge  of  the  molecular  conditMDs  of  ga^cs,  10  say  nolliing  of 
liquids  and  solids,  li  is,  thftrcforf.,  better  to  rctairt,  when  dealing  with 
dimennional  fumiula;  iiuoUinf;  xaopeaXOK!,  ibe  symbol  [9]  for  the 
dinumston  of  the  unit  of  tunipctalure^ 

Since  tipecitic  heat  \%  the  quantity  oi  he»(  imfuined  to  nine  umt  n»as» 
through  a  tcmpenatute  of  one  dcgroe, 


ot 


'[.UV1I[:I/<']=1. 


So  4iiat  iftecitic  heat  has  no  dinieiisinn,  and  is  therefore  a  mere  Muober. 
This  U  W  once  rvidcni,  if  ue  remember  th^il  spnritic  beat  ma}'  also  be 
defined  a^  ilic  tsllo  of  ilic  Iieat  required  to  raise  a  giv«D  mass  of  the 
Hjbstance  tluuugh  a  given  isnge  of  temperamre,  to  tbc  heat  leguixcd  to 
misc  an  ci^iihI  ma&^  of  water  through  the  tame  rangie. 

Latent  Ileal  being  the  quantity  of  bent  required  to  convert  unit  mass 
of  llie  substance  from  one  state  to  the  other, 
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Hie  qiHUUiljr  of  he&t,  Q,  which  passes  in  a  tiine,  /,  tbrougli  a  alab  of 
area  A,  fliidum»  i  and  conductiTtt7  k,  vbcn  the  dilleKnce  td  tem- 
petature  between  the  opponte  faces  is  $,  is  given  by 
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BOOK    III 

WAVE-MOTION    AND    SOUND 
PART    I— WA\'E-M01  ION 


CHAPTER  I 
WAVE-MOTION  AND  WATER  WAVES 

260.  Wavo-Motloiu— We  htt\-e  in  Book  I.  chap.  t-iL  coiuulered  the 
pciiodic  uiutiun  of  A  single  piuiicle  or  rigid  body  ;  we  have  now  to  ct>ii- 
kider  in  some  detail  ihe  tetulunt  motinn  when  ihc  varioux  paniclei  of  ;• 
tncdiuin  ace  cxe<:ulinjf  periodic  n>i>iion»,  but  the  phiise  (§  50)  of  the 
nioiions  of  the  v;iiiou»  pnniclci  is  not  the  umc  for  all,  but  are  related  to 
one  nnolhcr  in  ccrtnin  definite  way& 

Suppose  we  h^avc  .1  number  of  pailides  arranged,  when  at  rest,  at 
equal  (^stances  alont;  it  lino  au  (Fig.  314),  and  that  these  particle*  all 
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execute  Si.H,M.'»  (J  50)  of  fqiial  amplitude  and  period  along  lines  at 
right  angles  to  AB,  but  in  »ii<h  a  uay  iIihi  the  phuse  of  each  >uccessii-e 
panicle,  counting  from  A.  difTers  from  that  of  the  preceding  particle  by  a 
coRstani  amount. 

Thus  if  the  constant  difference  in  phase  is  30'.  wlic-n  the  [arlicl*  1  is 
at  its  median  position,  the  position  of  the  others  will  be  as  shown  by  the 
dots  in  thp  fiifiirc.  The  dliplaircmcnt  of  particle  ;  at  any  momcnl  is 
equal  to  the  ditplBceinent  of  panicle  1  at  l,'[3  of  Ihe  pt^odic  time  (7) 
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bier,  since  30*  is  i/ii  of  360^    Similarly,  paitide  3  is  displaced  to  the 
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amount  that  particle  1  will  be  at  2/^12  Irom  the  start,  and  bo  on.    Hence 


34l  Wavt- Motion  [S  s6<i 

the  <^irvc  dnivn  ihnraxh  (he  paiHWina  of  the  purlklet  at  any  instant  will 
be  a  Iwnnonic  curve  (§  yi").  I'jinkle  13  will  ai  cvei^r  miNnent  be  in 
exactly  the  siinc  sinie  u  |»rtirlc  1,  particle  14  3a  particle  3,  and  so  ac  ; 
for,  »A  thcix  phases  diifej-  by  a  whole  period,  they  will  be  eqtnlly  displaced 
and  mox'ing  in  (ke  ininf  liirrdioit. 

In  Fi(;.  31}  the  poeJtionB  of  tbc  pnniclct  are  »hown  at  successive 

T 

intervals  of  — ;  tip  to  lulf  a  cumpleic  vibr:tiion  front  the  positions  depicted 

in  ibc  fini  line,  the  direction  of  tnotiim  at  the  tpven  instant  bring  indi- 
cated by  an  armw-hcod.  It  will  be  >een  that  the  cun-e  dra<rn  Ihrout;h 
ihe  particlct  can  in  each  cnie  be  obtained  by  displacing  the  curve  for 
■he  preceding  cnnfij^ntlion  to  the  rigliU  and  liencc,  as  the  motion  goes 
on,  the  Ctlrvc  rnnnectinj;  the  piarticlei  appc.-m  to  move  steadily  to  the 
right.  The  distance  (hrounh  which  it  morcn  during  one  conipleic  period 
of  one  of  the  moving  panicles  is  equal  to  the  distaoce  between  two 
particles  which  arc  movitig  at  every  instant  in  Uie  sainc  <Ureclion  and 
are  equally  displaced  on  the  sanie  side  of  their  mean  positions.  Tliis 
distance  through  which  the  curve,  called  in  this  case  a  wave,  moves 
iluring  a  compleie  period  of  one  of  ibc  moving  particles  is  called  the 
wavf-lenj!lk  of  the  motion,  f  The  wave-lcngili  may  also  be  delined  as  the 
distance  between  one  panicle  and  tlte  next  one  that  i«  di«pUired  from  its 
mean  position  10  the  same  cxicnl  and  is  movinji;  in  the  »amc  dircciion, 
that  is,  between  two  consecutive  particles  which  are  in  the  same  phase. 
Thus  in  Fig.  aij  ihe  wave-!engih  is  eqtitt!  to  ac  or  \iV,  ) 

Alihough  the  form  of  the  n-aic  is  similar  10  the  harmonic  curi'c,  it 
must  be  remembered  that  the  harmonic  curve  represents  ihe  successive 
diiplaccmcnis  of  ft  single  panicle,  the  abscissie  representing  time,  while 
the  wHve-finrm  curve  represents  the  simultaneous  positions  of  a  number 
of  panicles,  the  abscissic  being  the  distance  of  the  mean  positions  of  the 
panicles  measured  from  some  fixed  point  Howei-cr,  as  a!l  the  panicles 
move  in  exactly  ihe  same  way.  and  in  one  whole  wave-length  we  shall 
have  an  example  of  a  particle  in  every  phase  of  Ibis  motion,  we  may  look 
itpon  the  wave-turve  as  also  showing  us  what  the  diiplacemcnl  of  each 
panicle  will  be  at  diifetent  times. 

A  point  on  the  wave  Mich  as  r  (Fig.  in\  at  which  the  panicle 
is  at  its  maximum  posiiive  diiplacemcnl,  is  called  a  rrwC,  while  a 
point  such  as  D  or  F.,  where  ihc  displacement  ha^  ils  maximum  neija' 

'  tivc  value,  is  called  n  trough.  The  positions  of  the  crests  and  troughs 
appear  to  travel  towards  Ihc  righi  as  the  motion  of  ibe  paitides 
coniiniMts. 

Tliis  iranslatory  motion  of  Ihe  wave  is  not  accompanied  by  the  tmns- 
laiion  of  the  panicles  themselves,  that  is.  although  each  pnniclc  moves 
to  and  frn  along  iit  own  little  path,  yet  its  mean  position  during  a 
complete  oscillation  remains  imaltetcd.    'We  may,  iherefoir,  define  a 

Y      wave  BS  a  form  or  disturbance  which  travels  through  a  moditmi,  and  is 
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duB  la  tb«  inits  of  tbe  mcdnini  perimininii  ia  Miccetsioa  certain  perwdk 
niDlioiu  abcKil  ihdt  mean  ptMiiioiM.  ) 

In   ihF  Cine  of  wave   inoiiun  cuittideied  Hbove,  llie  pnniclea  all 
vilwatpd  ill  tight  luigks  to  the  directiun  m  wbidi  the  wave  inm-es,  and 
ihis  fomi  of  wavc-malton  >a  sakl  to  be  iloe  lo  Irannfrif  vi^rn/iant,''i  (If 
■noiian  »f  eacl>  particle  takc^  place  in  iIk  (liici-tuin  in  nbkrb  \hf. 

moves,  then  the  vilwatfon  a  luitl  to  be  U'n£ilHJin.tI.  . 

At  All  (Fi^.  216)  ibn  uiubspiiKed  pcnitians  of  the  pMlicks  arc  sliown. 

each  panicle  now  cx«cdIcs  a  S.li.M.  in  the  diiection  All,  the  periiKl 

am^inid*  being  the  matt  kit  nil,  but  ihe  phaiw  of  cacb  panirle 

30^  bebind  ibM  ot  ihs  pr«ccdrn|!  panicle,  then  when  panicle  t  ia 
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.^mt;  ilirough  hs  mean  poiiiion  and  moving  towanls  tbc  right,  CD  will 
'fvpreient   ihc  poMlioDS  of  the  Mh«r   parrictn.      The  posiiioni  of  (he 

nkJes  are  alio  ihowTi  at  Micce»ire  inicrt-aU  of  i .'ii  of  the  period  of 
S  H.M.  iif  each  pailidc  fm  half  a  L-oinplrii-  petiud 

In  this  fonn  of  n-av«-molioa  ihc  di^tlances  betueen  adjaceni  panicles 
aher,  n  that  the  paniclei  are  allernaiely  cro»il«)  together  »nA  ipread 
nnt.  A  point  where  at  any  instant  the  crowdin};  lojiether  h  a  maximum 
i*  called  a  condenution,  while  a  point  «bcn  the  dit^aiM-c  b«1>'Cta 
nf  padictei  is  a  maximum  it  ai)l«d  a  raicfactiniv  TIh-w  pbiy  tb» 
pans  in  InniptudinnI  irave-moiion  a»  do  the  cnsu  and  trougbt  in 
inn  I  verse  wAt-e-motkMi. 

The  definition  of  *ave-1«isth,  giwn  with  reference  to  traniverM 
tibrations,  applic*  also  lo  t(m)(itti<!inal  vibTaiionx.  The  most  cont-enient 
msmer  of  itudyins  lonintttdinal  vibmiioitf  i»  to  employ  n  rirrve  of  which 
iIh  nrdinotu  indicate  ihc  diftp<n(Yinrnt»  from  their  ntean  pottiliom  o^lhc 
iliifcrent  panicle*  ai  any  time.  Such  n  curve  i*  obtained  ifc  at  the  mewi 
nr  iiBiti<>ii(rh(!d  poiilion  of  rjich  panicle,  we  erect  a  perpendicular  in  lh« 
fiaiMi**  or  nc][>tivc  dilvami  accordiB|[  as  ibe  diaplaccRMni  of  iIm 
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pwtlde  is  in  th«  pottlivc  or  negxirve  dirKiian,  and  having  a  height 
equal  to  th«  dispUccmcm  of  I  lie  finnirlc  fTom  ii*  mean  posiiion.  The 
curve  obtained  by  joinint;  the  r-vtrcmiiic*  of  lh«^iis  oniinatcs  is  tihoirn  at 
eft;  (Fi^,  3i&>,  ili«  corresponding  pouiiont  of  ilie  dUturbed  and  iind»- 
tnrbtrd  p.irii<:)i^>  hciii^  »)iown  ai  )IK  and  All.  This  cun'c  \s  a  hariounic 
curvv,  and  t)i«  points  where  ihc  cutve  ruis  tho  axU  correspond  to  the 
pkcci  where  ili«  particles  are  n\oit  cronxled  lOKCihcr,  or  most  spread 
out.  For  ai  r  tlie  panicle  7  i»  at  iis  mean  position,  while  the  partkle  6 
is,  MOC.-C  the  corresponding  ordinate  tb  of  the  curve  is  positive,  displaced 
to  the  right  b^  an  ainoimt  e(|iial  to  this  ordinate,  and  tlic  panicle  S  t«  lo 
the  left  of  it^  median  positicin  by  an  amouot  equal  10  the  ordinate  til6i 
tbecim-c;  »o  that  the  panicles  arc  hcr«  crowded  togethcT.  In  ihesame 
way  llie  particles  at  h  and  u  aie  separated  to  a  maximum  extent.  Hence 
f  corresponds  to  a  condeiisaiion,  while  e  and  c  correspond  lo  rarefac- 
tioDs.  {  The  distance  between  two  adjacent  rarefactions,  such  as  V.  and  g, 
w  between  two  condensations,  is  equal  to  the  wave-lcngih  of  the  wai-e- 
l^  motion,  wlitle  ilie  disiiince  between  a  rarefinction  and  the  adjacent 
condcuution  1*  equal  to  half  a  wav^lengtli.^ 

287.  Velocity  of  Propagation  of  a  Wave— Frequenoy.— Tlie 

speed  at  which  the  irrent  or  troUEh  in  ihc  case  of  a  transverse  wave,  or 
I  ^  ths  condensation  or  rarefaction  in  a  loi^iadinal  wavc^  moves  ihrnugli 
'  iho  medium  is  called  Ihc  velocity  of  propagalion  of  the  wave-motion. 

While  panicle  4  in  Figs.  314  and  aij  is  making' a  complete  vsdttniion, 
ihe  Irou^h  of  Ilic  wave  wilt  travel  10  ihc  tight  to  panicle  16,  th:ii  i», 
through  a  distance  equal  to  the  wave-length,  X.  In  the  same  way,  white 
pAtiicle  t  (Fig.  216}  is  making  a  complete  oscillation,  ilic  condensation  will 
travel  front  C  to  D,  that  it,  through  a  distance  equal  to  the  n^ve-lenglh. 

Hence  if  T  is  the  lime  each  particle  takes  to  complete  one  oscillation, 
in  ihis  time  the  n'avc  will  move  through  a  distance  equal  to  Ihe  wave. 
Icnglh.     Tlius  if  V  U  the  velocity  of  propagation  of  the  wave,  we 

Each  time  Hint  particle  to  (Fig.  314)  reaches  iis  maximum  positive 
•longation,  a  crest  will  be  passing  at  F,  so  that  the  interval  between 
tha  passage  of  two  successive  crests  is  T,  Thus  if  «  is  the  number 
of  cresis  which  pass  /"  in  a  second,  we  have  n—tfT,  Tlie  same 
reinarlc  applies  to  any  other  panicle,  whether  the  motion  is  imnsvcrse 
or  longitudinal,  and  the  quantity  n  is  called  the  frequency  of  the  waves. 
Thus  ,  ~ 

'  The  velocity  with  which  a  group  of  waves  moves  into  an  iindlmirbed 
portion  of  tho  medium  is  not  necessarily  equal  to  the  ralocUy  of  the 
individual  waves.  Thus  in  the  case  of  gmviiationa!  waves  on  a  Hquid, 
the  individual  ivaves  Ir.ive!  twice  as  fast  as  docs  l)ie  front  of  the 
disturbance.     'Hius  if  we  watcli   a  short  train  of  waves  moving  into 
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Still  waiM,  Ihe  wave*  trill  appear  to  move  through  the  fcrnup,  dfot^ 
out  !n  from,  nnd  frcth  waves  Hppeartng  in  the  rrar  of  the  groiip.  It  can 
be  shown  that  whenever  the  velocity  of  ihe  waves  varies  wilh  the  wave- 
length, ihe  Kroop  velotiiy  is  diflTetent  from  the  wave  velociiy. 

'Hie  siikly  of  "■aie»  being  of  very  yreai  iii>poitan<^  iii  phj-sics — for, 
as  we  shall  see,  sound,  li^hi,  ladiuni  heat,  and  many  ckciiO'inaGneiit 
. jiht-nutKcna  are  propagated  by  vrave-moiioDs^it  will  be  advisable  tu 

'nd  some  time  considering  this  form  of  inulioii.  It  will  add  to  the 
jiiitercst,  and  also  to  the  clearness,  of  the  study  of  a  wave-motion  if  we 
|Illusira<e  the  variom  points  by  refcience  to  some  particttlar  fonn  of 
wai-e-moiion.  Now  the  wave*  which  constitute  sound,  light,  and  heal 
are  invisible,  and  so  for  the  purposes  of  illusiration  it  witi  be  better  to 
consider  the  «ave»  which  may  be  produced  ai  the  surface  of  a  liqaid.  for 
such  waves  iiiay,  «fith  wiiiahle  n nan ge merits,  be  seen  by  tlie  eye. 

268.  Waves  on  tha  Surface  of  a  Liquid.— In  order  that  a  wave 

may  be  formed,  il  is  neccs«r\'  that  the  successiw  parttclei  which 
titute  the  medium  in  which  the  wave  is  propagated  should  each  in 
go  Ihroiq^h  a  periodic  motion.  Now  when  considetinjt  ibc 
of  a  pendulum  (^  1 1 :),  ue  showed  that  the  icawin  it  executes  its 
lie  iiiDlion  is  that,  when  ihc  hob  is  displaced,  a  force  acts  on  the 
bob  lending  to  bring  il  back  to  its  position  of  rest.  Hence  when  dealing 
*ith  il»c  production  of  a  wave-motion  in  a  medium,  we  muit  consider 
how  the  force  of  resiituiioo  on  the  particles  of  the  mcdiurn,  whirh  is 
necessary  for  itie  production  of  the  periodic  motion  of  ibe»e  particles, 
is  brought  about.  Lm 
AS  (Fig-  J17)  represent 
the  plane  wrface  of  a 
ijiqind  ai  rest.  Now 
aae  by  some  mean* 
came  ibe  liquid  to 
be  heaped  lip  in  the 
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^H^mn  UKr,  or  scooped  oul  into  a  hollow  niM,  so  that  ibc  liquid  particlert  arc 

^^lisplacod  from  their  poiiiioosof  rest.  Then.  o«  ing  to  the  action  of  gravity, 
the  panicles  in  ibc  ponion  dv  p  of  the  h<iuMl  will  move  hack  lowaids  the 
Irwl  surface  ah,  «  Kile  the  panicles  <t  hith  have  been  forced  down  owing  to 
the  production  of  the  hoilov  rtitl  will  mo\T  up  Tluis  wlieii  the  paititlei 
of  a  Hquid  are  moved,  so  thai  a  portion  of  the  surface  is  dispLiced  cither 
above  or  Jwlow  the  level  of  ilie  general  suf«ie«,  owing  to  gravity  i  (brcc 
will  act  tending  to  bring  the  surface  back  lo  its  undisturbed  position. 
We  have  therefore  the  coiHliiions  suitable  ftw  the  production  of  wave* 
ao  ihe  surfanc  of  the  liquid,  and  Ihe  existence  of  these  waves  being  dtia 
10  the  action  of  grn-ily,  they  are  called  gravitational  waves.  The  large 
ware*  seen  on  tlie  surface  of  the  sea  are  well-known  csaitipfes  of  giavi- 
taiKMial  wat«s.  Gmiiiy,  as  iras,  however,  firtt  pointed  out  by  Lord 
Kelvin,  is  not  the  only  cause  tending  to  Ving  the  tarfaoi  of  llse  liquid 
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hack  lo  Us  nndistnibed  ponition.  There  is  a  tccoiul  cau&c  aciinf, 
aamdy,  the  wriiue  leiuion  (S  ■  J7>  of  the  lurfaoe  fibn  of  tlic  liquid. 
Tbis  siirfa<«  tension  actfe  as  if  there  mere  %  thin  elastic  uieinlvane 
stretched  m«r  iIm  sut^cc,  and  it  is  evident  tliai  the  elTcct  uf  Mich  » 
mietched  membrane  >*ill  be  lo  lefld  to  ilaicen  down  the  poition  DEF  of 
llie  dikluibed  turUce  of  the  liquid,  and  to  lefcl  up  llie  portion  Fdll,  so 
tlial  in  the  surfiitc  iriiitoii  n-c  lia>y.'  alwi  a  force  uf  rcititutinn  actinji  on 
the  <liiplnce<t  liquid  [Mrlklen-  V>'c  have  seen  in  §  158  that  the  ptcuure 
due  to  tlie  MirHvce  leniion  incicaMt  willi  incrc;u>e  of  the  cun-atuie  of  (he 
surface,  in  thai,  since  tlie  iiugniludc  of  the  kiulace  teniiun  is  small,  it  b 
only  when  we  are  dealinK  with  wave*  in  which  tlic  cutvalute  is  verj-  great 
thai  we  need  take  accuunt  uf  surface  leiuion. 

It  can  be  shown,'  althounh  10  do  so  would  lead  us  beyond  the  scope 
of  ihi-1  book,  thai  if  f  ii  the  velodt)'  of  a  wa\-e  aiong  the  suiface  of  * 
liquid  of  which  the  depth  is  not  les^  than  the  wavc-lcagth  X,  aikd  />  and  T 
an  the  dciuity  and  surface  tension  <rf  the  hquid,  iben 

It      \f 

From  this  expression  it  follows  at  once  that  if  the  wave-lengUi  \  is 
great,  the  fraction  zn'/'IXp  is  snuUl  compared  \a  j;^:':",  and  bence  may 
be  neglected.  The  fact  thai  X  is  great  shows  that  the  curvature  of  tbc 
surface  tntist  be  small,  »o  that  this  result  is  what  wc  should  exptci.  On 
the  other  hand,  if  \  is  small,  then  an-T^X^  is  great  compared  loj^X/iir,  10 
tluit  ill  this  case  surbce  tension  pla)~i  the  important  part  in  the  prapn- 
gation  of  the  wavei.  Such  waves,  in  winch  ihe  greater  part  of  the  force  of 
restitution  is  due  to  i^urface  tension,  are  called  capillary  waves  or  ripple*. 

Kor  waves  of  n-ai-c -length  greater  than  sboai  4  inches  or  10  cm.  the 
term  2ir'/'l\fl  may  be  neglected,  while  for  waves  of  w*ave-Iengih  less 
than  a  I  inch  or  3  mm.  the  term  jfX/2ir  may  he  neglected.  For  wavts 
having  wavedcngth*  between  these  two  limits,  we  have  lo  take  into 
account  boih  the  effect  of  gravity  and  of  surface  tension. 

Since  the  vcloniiy  due  10  gravity  alone  incrcasca  as  X  iiKrwttt,  and 
that  due  to  surface  tension  alone  incrca*e*  as  X  de.-rrrws,  i|  foDows  that 
chfre  must  be  a  certain  wavc-lengtli  for  wbidi  the  velocity  is  a  mJnitnum. 
For  wavc-lengihs  less  than  ihis  critical  value  the  surface  tension  has  the 
predominating  influence,  and  therefore  the  velocity  increases  as  X  de- 
creases, as  shown  by  ihc  left-hand  branch  of  the  curve  (Fig.  zi8),*which 

■  TtiE  rmc  where  pK/ity  aleiN  'a  «ipp«icl  la  ncl  Is  oamidcrtd  in  }  (77. 

■  tn  mlu  10  tZiOw  B  coniidcEttblc  ningc,  instcjd  of  taking  eqwl  lengths  oloog  the 
aaet  to  correipond  wtih  niual  intTFinvnli  in  ihc  wTi^rvlnsgtii  inii  llic  tviocily  mpec- 
drnly,  in  Iht  fiftiic  t^ail  IrnKIlii  Kloni:  Ih* nm rorroiixind  ton) ml  tncrenKnt]>  in  lh(> 
logarllhms  of  iheu  qinnt)l!es.  The  scslrk  liavr.  bowevo.  Iwn  numbcTHl  so  ilisi 
w*  read  rAf  the  w»»e-lenph  onil  rplocitv  ifirret.  For  an  nocounl  uf  lhi«  method 
11C  pliiltin;  curvin,  a  paper  bf  ftuf.  C.  V.  Bn/i,  in  Natmrt  for  July  iS.  i3<)5.  may  W 


M*9] 


Gravitational  WavfS 


353 


gives  the  velodly  of  waves  of  diflfcretil  wavc-kn(^l)i  in  waier.  For 
wat«-leH]^hti  grtater  than  the  critioil  vnUic,  Rraiity  plays  iht-  iropoHanl 
pan,  atui  tlie  vdociiy  'iDcreases  ss  X  incrcn»c£,  as  shown  by  ihc  right* 
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hand  Itmncli  of  (he  curw.  For  wai«i  the  minimum  wlociiy  It  aj  cm. 
per  sccood,  or  9  li>che<i  per  second. 

26S.  GrarltatlODftl  Wav«s.-lii  ihc  c.«e  of  wa\-e»  for  wliieh  iho 
wavelength  X  i»  lo  great  llui  •«  may  neglect  the  effect  of  Mirface 
Muion,  •«  have  ^ 

II  will  be  ob«en-e)l  ihnt  th«  density  of  the  liquid  it  not  in^-olvetl  in 
the  cxprcsMoa  for  tbc  velocity.  The  [eaaon  for  this  it  ihc  same  as  that 
whkh  npUint  why  it  in  lh.1i  ihc  period  of  a  I>cndu1iuii  it  independent  of 
Ihc  nuL^s  t>f  the  bob,  lumely,  iiv.-ii  alib^Kitch  the  mass  of  the  liquid  tn  b« 
mored  \i  proportioi^nl  to  the  d<-iiwly,  yet,  since  the  force  of  icsiiliiiion  is 
■dw  ptopoirtional  to  (lie  dondity,  for  il  is  tlie  weight  of  the  laivcd  portion 
nftJie  Itqujil,  the  ratio  of  tbc  force  of  rcstilutiiva  to  the  mas*  to  be  moved 
is  the  «tne  for  all  liquids,  i-.ml  therefore  the  velocity  of  the  •■avei  ia  il»c 
lame- 

If  the  depth  of  the  liquid  is  cansiderablf  1cm  than  the  warc-lenKih, 
the  velocity  t*  test  than  that  given  aboi-e,  and  Is  given  by 

where  JnUtt  depth  of  the  liquid.  One  eficct  of  this  decreased  velocity 
in  ihallow  water  ii  loinikke  il)e  waves  in  the  nciKhbourhoiid  of  a  shelving 
hcttch  always  miyve  in  a  diieciion  pcTpcndi<~ular  to  the  share,  alihough 
at  tome  distuioe  out  to  sea  they  may  be  nK>ving  in  quite  a  different 
(Tireciion.  The  reason  Is  that  when  a  wave  which  is  mmiiii;  ia  a 
dirrrlinn  inclined  to  the  shoie-line  reaches  shallow  water,  the  end  of  the 
wave  wliich  first  reaches  the  sfaallira-  mores  more  slowly  than  tlie  [>9n» 
ahich  are  still  liMn-in^  in  deep  water.  Thus  tbe  wave  gradually  wheeli 
rooDd  liU  il  becomei  nearly  parallel  to  ihe  shore. 


r 
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In  ilie  CMC  oT  a  nv«  in  deep  waicr,  ilw  individnol  panicles  of  ihc 
water  ilescribe  circles  in  rentcal  phnM  as  illuunued  in  Fig.  319, 
whcm  the  fomj  of  Ihc  wave  is  tbown  at  two  inbtani*  corrciipuiMling  to 
an  intct\-al  of  onc-tweUih  of  llie  periodic  time.  Thus  when  a  particle  u 
or.  the  creit,  a,  of  tite  wave,  it  t>  moving  bi  the  diitctioo  In  uhicU  the 
wav«  b  moviitK,  while  when  it  is  in  the  trouyli,  B^  it  is  moving  in  the 
opposite  dircciion  to  that  in  which  tlie  wave  is  movin);.  As  we  go  down 
from  the  suriace  tlw  panicles  still  wove  in  circks,  but  the  radii  grow 


•■.J-CV/O'i'.SiCv-O;-^ 


.,->.:-V</-  S^'^^'W-'V 


Vk.  919. 


smaller  and  smaller,  till  at  a  d«plb  equal  to  the  wave-lengllt  the  radius 
of  tile  circles  is  only  about  t,'50oth  of  what  it  is  at  the  suifiice.  1 
shallow  waitT  the  paihs  of  the  individual  panicles  .ire  ellipse*  with 
their  major  hncs  hoiironial.  In  this  case  the  horizontal  axes  of  the 
ellipses  are  approxiiiiuiely  the  same  for  pnnicles  at  all  depths.  The 
\trlical  axes  however,  decrease  with  the  depth,  till  nt  the  bottom  thej- 
t'anish,  and  the  particles  wove  Imckwards  and  forwards  along  straight 
lines. 

\Vhen  the  height  of  the  crest  of  a  wave  above  the  iindisttirbed  level 
of  the  water  is  equal  to  the  depth  of  the  imdiftnithod  w.ncr  at  the  point, 
the  particles  at  the  crest  will  be  moving  forward  with  ihi-  same  velocity 
as  the  wave,  nnd  the  unsc  will  be  unstable  iind  "break."  As  a  watv 
comes  into  shallow  water  the  «iive-leiigih  decreases,  for  the  wlocity 
decreases  as  the  depth  of  waicr  decreases,  and  the  frequency  («)  must 
remain  the  same,  that  is,  the  number  of  waves  which  pass  a  given  point 
in  one  second,  and  t'  =  wX.  The  effect  of  this  shoncning  of  the  wave- 
length is  to  make  the  amplitude  of  the  waves  greater.  This  goes  on, 
till  finally  the  unliable  ccinditiun  Is  reached,  and  the  wave  breaks. 

270.  Capillary  Waves.— In  the  case  of  waves  of  which  the  w«ve< 
length  is  less  than  4  mm.,  we  have 

,     3lr7" 
Xp 

Hete  both  7' and  s  depend  on  the  natuii:  uf  the  liquid,  so  that  the 
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velocity  or  capillary  v-a^-es  i«  diflerem  in  difTcreiil  liquids, 
frequency  eX  the  waves, 

and  jr^*=2w7','Xft 

or  r=n'XVJ«- 

Tbas  if  the  frequency  n  is  known,  and  wc  mcaMiiv  the  wnve-lcngih, 
we  can  cslculalc  the  ^iiriWce  tension  T.  Lord  Rnyleij^h  hi»  used  thin 
method  for  meaMiin^  the  suifoce  ltn>iion.  The  waves  were  prndurcd 
by  a  Ane  style  attached  tu  the  pron^  of  u  lunin^-foik  which  dipped  inio 
the  liquid.  Thus  th«  frequency  of  the  wavci  was  cqiu!  to  (be  frequency 
af  the  fork,  and  wis  therfforc  known. 

27L  Interference  of  Wav«s.— If  we  have  two  systems  of  naves 
passing  Dvcf  the  came  surface  of  wn'er,  each  will  produce  lh<^  siaine 
ctl«ci  as  ifit  were  alone  present,  so  that  the  RCiual  displacement  of  smy 
surface  panick  of  the  water  at  a  given  instant  i«  the  algebraical  sum  of 
the  iliaplacetnents  it  would  have,  at  that  instant,  due  lo  carh  set  of  waves 
separitcty.  The  resultant  motion  is  thus  obtained  by  compoundinn  the 
\tfO  separate  wai-c-motions,  just  as  in  \  54  wc  obtained  the  resultant 
motion  of  a  point  when  inov'mg  with  two  simple  htumonic  motions. 

This  se:)Mraie  c«i:ilciice  of  [w(>  sets  of  wavea  is  one  of  everyday 
observation,  when  two  stones  are  thron-n  into  siill  water.  Eacb  stone 
trill  prodiKc  ft  set  of  waves  which  travel  out  in  ever-widening  circle*,  and 
tlic  circutar  wsv«s  due  lu  one  stone  will  puss  unchanged  through  ilie 
waves  due  to  |]i«  other. 

Snppooc  wc  have  a  style  attached  (o  one  of  the  pron^js  of  a  tuning* 
fork  dipping  into  a  vessel  containing  hcjuid,  say  mercury.  When  the  fork 
is  in  motion  the  style  will  p[odu<«  a  system  of  waves  which  will  move 
out  in  I irctes  frnin  the  point  nherc  the  style  enters  the  mercury.  The 
n^us  of  each  of  tl>c  circtilai  waves  will  incrciue  «t  (he  nue  given  b)- 

where  n  is  the  frequency  of  the  fork,  and  X  the  wave-length  ns  given  by 
the  eqiulkin  , ,  ^    . 

Let  the  position  of  the  waves  at  a  given  instant  be  as  represented  by 
the  drtiles,  with  A  as  centre,  in  Fi|;.  310^  where  the  heavy  full  lines 
represent  tlic  crests,  and  the  heavy  dotted  lines  the  hollows.  The  waves 
ia  only  half  Ibc  circumfierence  are  drawn,  in  oider  to  save  space.  Now, 
suppntw  there  is  a  secoi>d  style  attached  to  the  same  prong  touching  the 
tncrctiry  siir&cc  ni  B,  so  that  whenever  a  crest  stalls  from  A  an  equal 
crest  will  start  front  B,  and  bo  on.  The  position  of  t)ie  waves  doe  to  b 
alone  arc  shown  in  the  figure  by  the  ligbt  lines.  The  wavelength  and 
sebcily  of  the  wai«t  starting  from  n  will  he  the  same  as  those  starting 
fratn  A.  In  oidor  lo  obtain  the  actual  condition  of  i1>r  surface  di>c  to  the 
ombioed  Uliun  of  the  two  sets  of  waves,  wc  have  at  every  point  10  add 
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ti]f;eihcr  the  displacentenit  due  lo  eaicli  set.  Thu»  at  the  point  c  we  Iiave 
a  cttTX  at  eacb  set  of  wave*,  »o  that  the  upward  diEplnircrnciil  here  is 
twice  tlie  iiwjiimuni  displacement  due  in  cither  set  Kcpaiaicly.    At  ii,  in 
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the  iaiiie  way,  we  ha\'c  a  ln>ii|;h  due  to  each  Ml,  and  the  dciivnH'aid 
diiplaceinent  is  double  tlial  tiuc  ii>  either  set  of  waves  alone.  At  i;, 
however,  we  have  a  crest  due  to  ihc  wave*  sUriing  from  A,  and  a  ttnii^h 
due  lu  the  waves  stalling  from  B.     The  n:»uit  is  tliat  tJie  panicle  at  E  is 
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nndispbced,  for  the  upward  ills  placement  due  to  one  set  of  waves  is  just 
neiitnliited  by  the  douTiwatd  displatement  due  to  ilic  other.  In  Fig.  2H 
llnca  arc  drawn  through  the  point*  which  are  undiiiurhcd,  while  a  +  sijfn 
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Durkt  the  pcMnis  vibcr«  then:  is  nuximiim  upn'ar<<  diftptaccmciiu  and  a 
-  ligD  the  points  nlicrc  there  u  a  mnximuni  donnuatd  dispUcenxnt. 

Next,  »iipf>OK:  vc  again  dtaw  the  li^rc  for  a  lime  equal  to  half  a 
period  later.  Each  of  the  ■raiTB  will  hivt  iravclted  out  through  a 
distance  equal  10  kaifa  uav^- 
lagth,  and  10  a  CTe»t  will 
now  occupy  the  position 
preriait*l;r  occupied  by  a 
trough,  and  vittfrrta.  Thus 
(be  coflditioni  ore  Kill  Tvpn- 
seniod  by  t\^.  130,  iibcre. 
bowcvcT,  the  dotted  lines  now 
represent  Ibe  crcMs  and  the 
full  hne*  the  irouttht.  Tlic 
point  C  is  aov  at  a  lrtni;:h, 
and  the  point  i>  at  ihc  CTc-st 
of  the  disturinncc  due  to  tlie 
two  sets  of  waves.  The 
point  r.  is,  however,  siill  ai 
ml.  for  iMmr  it  is  at  the 
trough  of  a  wave  fnim  A.  and 
M  «  cTcsi  ot  a  wave  from  11.  It  will  a!«a  he  found  that  all  parti  of  ibe 
liquid  surface  alon^  the  lines  drawn  in  Fi|{-  121  arc  still  at  rest.  In  this 
way  it  can  be  shown  that,  owing  to  the  joint  action  of  the  two  Mts  of 
waves,  we  have  certain  |wr- 
lions  of  the  men:ury  siirf3i:e 
which  are  permaitenily  at 
rest,  aithough,  if  cilhcr  set  of 
wave*  ftcicd  nlnme.  ihcw 
pAtts  would  be  disturbed  by 
the  ptuwge  of  waves.  ^Tliis 
phenomenun,  of  a  state  of 
rest  beinn  produced  by  the 
oombirKd  action  of  two  sets 
of  wa  ves.  is  cal  led  ifr/i-T^v^tSfe^ 
and  we  shall  fmd  that  it 
playi  a  very  prominent  p.-in 
in  many  natural  pheiMNneoa. 
Thai  we  Aciiially  do  fret 
Ihete  lines  of  no  disluibance 
in  ihc  case  of  capillary  uaves 
can  be  seen  by  eye,  ft>r.  altliouKh  the  iniliTiduat  wn»-M  cannot  l>e  dl»- 
tinituished  im  account  of  llirir  uij»t\  malion,  yet  ihe  tmdiaturbcd  porlions 
of  the  sorfacr  appear  hrt)fhtcr  than  ihc  rcit,  aihI  wc  sec  a  pattrm  similar 
to  rig.  313.     If,  instead  of  looking  at  ihc  turfacc,  wc  lake  an  insttue 
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tuneoui  |>lici(u);rup1i,  (hen,  »«  sliouii  in  Ft)-.  213,  uc  bcc  no[  onljr  ihc 
line*  of  no  diaturUinci!  but  alsfi  ilit  waves  beiwcen  ihcoe  lincit,  ubkb  are 
due  to  ihc  conibinutiun  of  the  ln*o  s«ts  of  wiivcs. 

272.  Wave-Front— Ray.— Suppose  a  medium  i.i  disturbed  by  the  pa»- 
sagc  of  a.  xyniem  of  wnvcs  and  wc  draw  a  cur»-e,  if  ific  waves  extend  only 
in  two  dimensions  a*  is  the  case  with  wattr  waTCf.orB  stirfarc.if  the  wave* 
extend  in  three  dimensions  as  is  the  cas«  with  sound  uaves  in  free  air, 
such  lliat  it  everywhere  (laMvs  thTOU^h  portions  of  the  incdJufn  wlitch 
are  in  die  same  phase  (S  50)  of  their  vihraloiy  motiMi,  then  suth  a 
line  or  lurfatt  ii  ctlied  a  ifciiv-friMtf.  If  in  the  case  of  water  of  uniform 
depth  a  diiturhance  is  produced  at  a  point  a,  then  the  w.-tves  nil)  travd 
out  in  drclcs  from  a  as  centre,  and  all  thn  w.tter  partirlei  on  the  cir- 
nimfercncc  of  a  circle  dcsciibcd  with  ii  as  centre  will  be  in  the  same 
phase,  tlinl  is,  they  will  be  at  equal  distances  from,  and  on  the  same 
side  of,  their  undisturbed  positions.  Thus  any  such  circto  will  be 
a  wavC'frwnl 

A  wave  ill  which  the  wave-front  is  cither  a  straight  line  or  a  plane  is 
called  a  pl.-ine  wave,  while  one  in  which  the  wave-front  is  a  »|>here  is 
called  a  spherkal  wave. 

In  ibc  fjsc  of  a  disturbance  produced  at  a  point,  it  is  evident  that 
ai  any  point  of  one  of  the  circular  wave-fronts,  the  wuve  ii  movini;  along 
a  radius  of  ihe  circle,  that  is,  at  right  angles  to  the  tangent  to  the  wave- 
front  at  the  point  considered,  'I'his  result  is  ijuilc  grncral,  so  long  as 
the  medium  in  which  the  wave  i«  propagated  is  isotropiCj  Ihc  direflion 
of  motion  of  the  wave  being  .ilways  at  ti^jht  angle-s  to  the  wavc-ftoni. 

In  many  problems  we  have  only  to  do  with  the  dirtciion  of  n>ation 
of  Ihe  wiivcs  which  arc  beiny  considered,  and(a  line  drawn,  so  as  every- 
where 10  indicate  the  direction  of  motion  of  ihc  waves,  is  ciilled  a  j™>%) 
Tlius  the  r,i)  s  arc  evcr>'wherc  at  right  ftngles  lo  the  uavc-fronis.  Sine* 
the  waves  must  st.iit  from  the  centre  of  disturbance — and  if  this  is  a 
point,  the  wave-fronts  arc  circles  with  this  point  as  centre — the  rays  must 
all  pass  through  the  centre  of  disturbance,  tf  the  medium  !s  isotropic,  the 
rays  will  be  straight  lines ;  if,  however,  the  medium  is  not  isotropic,  then 
ihe  rays  may  be  curved. 
V  nr  from  every  point  of  a  small  portion  of  the  wave-front  wc  drnw  a. 
ray,  the  resuliant  syiiem  of  tines  is  called  h  fifttdl  0/ ntys.  J 

27S.  Huygrhen-f's  Construetlon.— In  the  place  oF  two  centres  of 
disturbance,  such  as  those  considered  in  §  371,  suppose  we  have  a 
number  placed  in  a  line  ah  (Fig.  214),  where,  for  simplicity,  the  position 
of  the  crests  only  arc  sliown  for  three  wavc»  due  to  each  centre-.  It  will 
lie  obsciA'cd  thai  along  Uie  lines  whith  touch  the  circular  waves  due  to 
all  the  centres  of  diMiirliance,  the  waves  all  work  together  to  form  a 
nest,  while  at  other  places  wc  have  a  crest  due  lo  one  set  coinciding  with 
a  trough  due  to  others.  The  lesiill  is  that,  except  along  the  tangents, 
th^n  will  be  very  litlk  disturbance.     Of  course  half-way  be[wt.-en  tlia 
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atti%  we  sbtMild,  if  n^c  drew  ihc  circles  to  rcprcwiii  llie  puMliocs  of  Ihe 
irouKliS  haic  a.  rc^sulianl  liou^li  wtiich  uuuld  uliio  Xm  a  siniight  line 
pAnllH  to  AH.  Il  will  tic  imdcntuoti  bow,  if  ihe  nuinticr  of  centres  of  j 
di4tutl>aiic«  bciwe«-ii  a  an<t  B  wiu  itwdc  vetj-  rkax,  the  rtsuliant  effect ' 
woutil  be  a  Miies  of  waves  which  wxiuld  form  Ktraight  lines  pnmllel  la 
AB,  aiul  o-uuki  move  out  over  the  tiirfarc  of  ibc  liiiuid  in  a  dircclinn  at 
light  aogles  to  AB.  Wc  have  thu«  arrived  ai  an  cxplanniion  of  the 
formation  of  a  plane  wave,  ttint  n,  one  in  which  ihc  crests  and  trought 
are  straigbl  lines,  and  may  look  upon  it  as  piodiiced  by  the  action  of  an 


Pii.  aaj. 


a 


infinite  niunber  of  disturbing  centres  placed  along  the  sirai^-hl  line  AH. 
Soch  a  plane  wave  is  obtained  in  practice  if,  in  place  of  a  style,  ve.  attach 
a  fiat  jr'aM  plate  to  the  proni;  uf  a  tuning-fork,  so  that  the  ed^  dips 
into  the  meicury.  The  con»truclion  for  findinit  the  position  of  one  of 
the  crcstt,  that  is  of  the  wavcfront,  at  a  time  /  by  means  of  the  tan^rnt 
to  a  Krict  of  circlri,  the  radius  of  cadi  of  which  is  e<(ual  to  the  spare 
passed  over  by  th«  wave  in  a  time  /,  is  due  i«  Hu^'Khrns,  and  is  known  as 
Huyi;hens'»  construction  fur  the  wave-front.  The  centres  of  disturb^iKe 
need  not  lie  on  a  slraiKhl  lii»e.  Thus  suppose  they  lie  on  a  circle  abc 
(Fig.  iis)t  of  "b"*^''  'I'*  cenin:  is  P  and  radius  H.  If  now  from  all  points 
alonjt  the  drcum-  F 

fete  nee  of  this 
circle  »e  describe 
circles  of  radius  r, 
where 'ts  the  dis- 
tance llic  wave 
wil )  travel  I  h  rou^h 
in  a  lime  /.  wc 
shall  ifet  the  wave- 
front  at  n  time  / 
by  drawing  a  line 
loochini;  all  these 
drcles.  TIiis  tan- 

Itent  is  evidetitiy  a  cirtle  of  radius  R*t,  having  im  centre  at  n.     N« 
if  a  disturbance  were  produced  at  D,  wo  know  thai  in  a  tin»c  Rfv,  wt 
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V  t%  ihc  «*«ve  velocjt)',  the  wnve-front  would  be  the  circle  ABC,  while  at 
ft  time  /  Inter  ii  would  be  ihe  circle  Rl C,  «>  ihni  if  we  like  we  m.iy  look 
on  each  pnini  on  the  waire^fironi  AVCailieiitg  a  ccntic  nf  dtMurliance, and 
consider  ihni  ii  it  due  lo  the  combined  action  i>f  ihc»n  secondary  ccmm 
of  di&iucbancc  that  the  wave-front  Ei'G  is  produced,  nnd  not  <lirec(ly  by 
ihe  diiturbance  at  D.  Wc  shall  find  H  uychcns's  ronsttuciion  of  consider- 
able use  in  futurv  for  finding  ihc  position  of  ilii;  wavc-ftoni  at  any  time 
subicijiicnt  lo  that  .il  whirh  the  wave-front  lias  some  given  jioaiiion, 

274.  Reflection  or  Waves.— When  a  wave  meets  an  nbstaclc  it  is 
not  in  general  annihilated,  but  its  direction  of  propAKalion,  and  therefore 
also  its  wavc-fniiit,  becomes  altered.  This  phenomenon  is  called  re- 
flection.   Tlius  suppose  AU  (Ftg.  336)  represents  a  wall  limiting  s  stretch 

of  water,  and  ctti) 
represents  a  «««« 
moving  in  the  direc- 
tiun  of  the  arrow.  A« 
this  wave  nim-ca  for- 
ward, fir»fc  the  end  c 
and  then  each  pan  in 
succession  will  meet 
Ihe  wall  and  will  be 
reficcied,  so  that,  in 
addition  to  the  portion 
K't/of  the  wave  moving 
in  Ihc  original  direction,  there  will  Iw  a  reflected  potiion  (,•*»:'  moving  in 
the  direction  shown  by  the  arrow  ;  while,  finally,  when  the  whole  of  the 
wave  has  been  reflected  wc  shall  have  a  wave  c'i:*i>',  which  will  move  oti 
in  the  direction  indicated  by  Ihc  arruu'.  In  order  to  fmd  the  conncciion 
betwt^ta  ilic  inclination  of  the  incident  wave-frotii  to  the  reflecting 
surface  and  that  of  the  reflected  wave-front,  coiisidtr  the  incident  wave 
CL  (Fij;.  317},  of  which  the  end  c  hat  just  reached  the  rcflecIinH  surface 
AH.  If  there  had  been  no  rrflcciinff  surface,  then,  when  the  other  end  of 
the  wave  L  reached  p,  the  wave  would  have  occupied  the  position  hg. 
Let  MA  Mart  reckoning  time  from  the  instant  when  the  wave  reaches  C, 
thai  isi  from  the  insiant  when  the  wave  is  in  the  position  cL,  and  suppose 
that  the  time  laWen  b>-  the  point  L  on  the  wave  to  reacli  g  is  /.  so  that  if 

V  i*  the  velocity  witli  which  the  nave  movei, 

V 

Now  each  of  Ihc  lines  en,  dd",  kx",  rr",  are  equal  to  iJ3,  and  represent 
the  distance  moved  ihrouRh  hy  the  wave  ill  the  time  /.  When  ilie  end  »: 
of  the  wave  reaches  the  rertcctiog  wall,  we  may  consider  that  c  becomes 
a  ccmre  of  disturbance,  so  that  in  a  lime  /  the  wave  produced  by  this 
ccniic  will  Ibnn  a  circle  of  which  the  radius  r  is  given  by  r-^vl,  that  ii, 
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r— LC— C1I.  Hence,  il  a  ciitle  is  described  with  c  a*  ceniie  and  ndius 
CH,  it  wrill  rcpr»cni  ihe  posiiiim  of  (he  rcflecicd  wuve  fiom  the  point  C 
at  the  time  /.  NrM,  onsidcr  some  other  point  D  on  the  vn^t.  It  will 
have  to  mov«  over  the  distance  i>d'  before  it  meets  the  reflettor,  and 
when  il  dcwt  »o,  ■«  may  regard  it  as  becoming  ■  cenlte  of  disturbance. 
Situx,  if  it  wen;  not  for  the  reflection,  in  the  time  /,  the  point  d  on  the 
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wave  would  travel  to  Ik",  it  is  dear  that  in  the  linvc  /  the  wave  will 
(tarel  up  to  tV,  >>.  through  the  distanc«  l>t>',  and  then  luve  tinie  to  travel 
thnsgh  a  Ainher  distance  equal  to  li'i>^.  Therefore,  if  n  circle  is 
[  described  round  n'  ai  ccnire,  with  d'd**  ai  lailius,  ihia  ciii:ie  will  repre- 
I  sent  the  position,  at  the  time  /,  of  the  redccied  dtsiiubance  produced  by 
the  point  I>  on  the  wave. 

Proccedinx  in  thit  way,  we  can  show  that  the  reflected  waves  farinetl 
'  each  point  of  the  incldcni  wave  meeting  the  reflecting  surface  touch 
.  atrait^t  line  Mr.,  for  all  the  centres  of  the  circular  navet  )>«  on  the 
ira^^  line  AV,  ami  the  circln  which  show  the  pmiiion  of  the  nAecied 
■vca  at  the  time  /  alt  touch  the  straight  line  ii&  Hence  by  Hoytcbeiu'i 
priadple  the  line  HC  rcprre«nts  tike  position  of  the  reflected  wave-fnMU 
M  the  time  /  after  the  instant  when  it  occupied  the  powtioB  ct. 

The  two  triangle*  CLC>  out  arc  equal,  for  Ld'CU,  and  CC  is  cctntnoB, 
^md  ibe  sBflcs  Cir.,  r.uc  are  och  ri);hi  angles.    Hence  the  angle  LOG, 
ibjrtheinddcntwave-froot  with  ihr  rc^l«cting  surface  ak, la  equal  lo 
!mgl«HOC.liiaidcby  theredeacd  uave' front  with  (be  reflecting  iBrfa«D. 
Tbe  liM  IC  shows  ibe  dirtfiion  in  which  the  incidcni  wave  aiMm, 
h  the  incideni.njt  while  the  line  ci.' Uwws  the  dIrcctiM  in  wtack 
idkded  wave  mores,  and  is  the  rrilccied  ray,  tot  Onw  Boa  sra 
lo  their  reapectivc  wave-fruMs.     Since  llw  wai>*^n>au 
nfual  aashs  with  AS,  these  pcrpcndicnlan  mntt  alao  malBe  equal 
uifici  with  aB,  ao  that  the  angle  LCC  b  cquai  to  dM  Mgb  L'oa.    Hcnc^ 
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if  CN  it  (he  normal  10  ah  at  c,  ihat  is,  a  line  <lTn«-n  diTMigh  c  per|>eii- 
diciilar  10  tlic  rrtlcciinif  (urTocc,  ihc  an^le  I.CN  niiut  be  equal  to  (he 
angle  t.ViN.  Now  the  angle  l.nH,  betoken  the  ilireciion  of  inoiioa  of  the 
inciiJcnl  ivavc  omA  the  nornuil,  is  called  the  uii);le  of  incidence,  ohilc  the 
angle  l'ux,  bctyrecii  ihc  dircaion  of  iiiotiun  ofitie  relle<:ted  wave  and  ibe 
uouiial,  is  called  the  angle  of  rellection.  Hence  we  see  that  when  a  wni-e 
is  rtilccted,  the  angle  of  incidence  is  equal  to  ihe  angle  of  rcfieaion. 

275.  Stationary  Waves — In  the  last  spaion  we  ocmsidercd  tho 
reflection  of  a  siiijjlt  wave,  40  that  at  no  time  did  the  incident  and 
relleclcil  waves  affect  the  iianie  particles  iiinultaneoutly.  If,  however, 
we  arc  dealing  not  wiih  a  single  waie  but  with  a  train  of  wave*,  then  a 
ifiven  point  in  the  liquid  tni)'  be  affected  by  one  of  the  inrident  waves, 
and  at  the  Kune  time  by  one  of  the  prect-dins  waves  which  it  reluming 
after  rcfleclion.  The  lesult  «>f  this  siinuliaiieotii  action  of  tnw  sets  of 
waves,  ibc  incident  and  (be  rcflrcied,  is  tliat  interference  may  lake  place. 
Wc  shall  only  consider  the  simplest  case,  namely,  that  «t>cn  the  direc- 
tion of  the  incident  waves,  and  therefore  also  that  of  the  reflected  waves, 
is  at  right  angles  to  the  reflecting  surface^ 

Let  Alt  (Fig.  228)  represent  a  vertical  section  of  the  reflecting  Mirface, 
and  let  ihc  waved  linccii  rcpreseni  a  section  ihmiigh  the  incident  wave*. 
Each  of  (hcse  waves,  as  it  reaches  the  obstacle,  will  be  reflected,  so  that 
u-c  shall  have  a  train  of  reflected  waves  travelling  away  from  .\B,  wliicli 
for  clcameiS  arc  shown  sejuirate  at  EK. 

Since  it  is  evident  ilut  when  a  crest  of  the  incident  waves  reaches  the 
ohsiadu  a  crest  will  lie  pruduced  on  the  reflected  wave,  aii<l  as  at  the 
instant  ftir  which  the  li[jurc  is  drawn  a  cTCst  on  Ihe  incident  wave  is  ai  r, 
wc  must  have  a  crest  on  the  rcflecied  wave  at  K  Owing  to  the  combined 
action  of  ihc  incidcnl  and  reflecied  wa^-cs.  (be  fonn  taken  by  the  water 
surface  h  shown  at  r>H,  in  which  the  displacement  at  any  point  is  the 
SUin  of  the  diiplaccmcnti  due  to  the  two  systems  of  oaves  separately. 

If  r  is  the  period  of  llic  waves,  then  in  a  lime  Tr4  the  incidcnl  waves 
will  have  moved  ihraugh  a  dislancc  equal  to  a  quarter  of  ibc  wave- 
Icn):(h,  \  lo  the  left,  for  the  wave  travcU  over  a  space  equal  to  the  wave- 
]ei\gih  during  the  period ;  also  ibc  rcflccicd  waves  will  have  travelled 
through  a  disuncc  X.i'j  to  the  right, as  shown  at  C'li'and  t-Vp*.  Under  the 
combined  action  of  the  t""o  set*  of  w.ives  the  whiilc  surface  will  be 
momentarily  in  its  position  of  rest,  as  shown  at  c'k',  for  it  will  be  noticed 
thai  ihc  ctTecl  of  ihc  reflected  waves  is  just  to  neiiirfllisc  the  displacement 
doc  to  ihe  incident  waves.  Similarly  ihc  armal  stale  of  the  water- 
surface,  at  times  r/a  and  ,}f,.'4,  is  sliownal  (.I'lt'and  ij"ll".  If  these  curves 
are  examined,  it  will  be  seen  that  there  are  ceriain  pnims,  N,,  N^  Nj,  &c., 
on  the  sur^icc  of  the  liquid  which  remain  permanently  at  rest,  owing  tu 
ihe  inierfcrencc  lieiwcen  the  incideni  and  reflected  waves.  'ITiesc  points 
a(«  called  nodet.  Half-way  l.ietwi'cn  Ciith  node  the  water  surface  swings 
up  snd  down  to  u  niaximum  extent,  and  (hesc  poin(s  arc  called  ioo^t 
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or  MKtinvdt*.  Th«  porrioDs  of  ilw  surface  becw««m  the  nmlcs  and 
loops  movq  up  and  clown,  th«  iiinplitDdc  of  tlio  movement  gradually 
ilecTcaaIng  Iratn  tlic  Inop  to  ibc  hoAk.  Tims  at  ont^  lanant  ire  h:ive  n 
cpiips  of  alternate  rr<;«tK  »i>d  truuglii  at  ibu  loop*,  then  llie  surface  ftnttcni 
wot.  and  inimedinn'l)'  after  a  Mrtes  of  Irwugla  and  crcsl*  appear  at  ibc 


>M 
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InafM,  ani]  «o  an  ;  and  the  tliancter  Af  ihc  disturbance  n  qtulc  diflemt 
ftom  uiUuurjr  vavci,  fot  Ukfc  it  no  progreMive  min-emcnt  of  the  crctt* 
M<1  iriHtKhv  Time  wavc«  wliich  retain  ihcir  posiiion  uiuticred  are 
cUImI  »t4t>ooaty_  ?>aves,  and,  as  we  slull  liiid  later,  tliey  play  an  iin- 
fmnatix  part  in  m^ny  phenomena  wbkh  involve  wxinc-raolion. 
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It  is  immediately  evident,  from  Fi|t-  3i8>  ll<at  the  ditiAnce  between 
ConKCUtive  nodes  is  rqual  to  half  ihe  wnve^lenKth.  Hence  if  u-c  measure 
the  distance  between  ihc  nodps,  and  know  the  frc<(iicncy  of  ihc  naves,  ire 
CM  calculfttc  Ihc  velocity  wiih  which  ihcj-  travel. 

iThe  nodes  an;  points  at  wbidi  ihe  disiuihancc  due  to  the  reflccird 
waves  it  altimyt  equal  and  efipMUt  to  that  due  to  the  incident  wavet. 
The  loopti,  on  the  other  luind,  arc  points  where  the  disitirbance  duo  to  the 
reflected  is  equal  to,  and  in  the  tttnte  direction  »s,  that  due  to  the  direct 
waves.  A  consideration  of  Fig.  jaS  will  show  thai  the  portions  of  the 
medium  on  opposiie  sides  uf  a  node  arc  always  moving  in  opposite 
directions,  or  ace  displaced  on  opposite  sides  of  iheit  positions  of  resL 

276*.  Velocity  Of  PropatfULtlon  of  a  Transverse  Wave  alon? 
a  Stretched  Strtng.— If  a  sinng  is  sirclchcd  and  then  a  hump  is 
produced,  say  by  strikiiis  the  siiiiii;  a  sharp  blow  in  a  direction  ai  right 
angles  to  its  length,  ibis  hump  will  travel  along  the  string  to  the  far  end, 
where  il  will  be  reflected  and  will  then  travel  buck.  This  hump  is  a. 
transverse  wave,  for  each  of  the  particles  composing  Ihe  string  moves 
forwards  and  buckw-ards  along  u  line  3A  right  angles  to  the  siring,  and 
ihe  velocity  with  which  it  travels  depends  on  the  tension  /  with  which 
the  string  is  stretched,  and  on  Ihe  muss  m  of  unit  length  of  the  string. 

Suppose  \Bct]E  (Fig.  229)  to  re|)resent  the  siring  along  which  the 
transverse  wave  bcd  is  imvelling  from  lefi  to  right  with  a  velocity  v. 
If  now  the  siring  were  made  to  move  from  right  to  leA,  thai  is,  in  the 


opposite  direction  to  that  in  which  the  wave  i*  moving,  with  a  velocity  r, 
the  wave  would  remain  in  one  position,'  fur  it  is  moving  along  the  cord 
with  a  velocity  v,  and  tlie  cord  a  itself  moving  with  a  velocity  -  v. 

t  W«  are  here  supixnins  xhax  the  farm  of  the  wave  lemnini  uiL-iUered,  and  ibat  h 
tnovvtwith  >  vonnlani  vrlocily,  A  wio'r  whk'li  fiilliU  \hif*  conditirtnt  it  \aj(l  la  lir  a 
wat«  of  j<rnuuienl  type  'I1ir  InvullgMions  in  lbs  following  three  icnionsalio  tai/ 
apply  U>  wavDs  of  perniMwtit  \yv^ 
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It  is  an  experimental  result  that  tlw  speed  with  which  the  ware  movci 

ng  the  cord  docs  noi  depend  on  rhc  ihnpc  of  the  hump^    l.ct  ut  there* 

!  assume  thai,  sa  any  rate,  the  poiiion  near  ihc  crcsi  rnrmn  an  arc  of 

leirclir.of  which /•is  i  he  centre     Coiuidcr  a  sninll  poniim  bci>  of  the 

:  at  tl>e  crest  of  length  ti.    The  mass  of  this  portion  of  the  rnrd  is 

If,  and  unc«  ii  it  moving  in  a  circle  with  a  speed  v,  ii  will  cxcn  a 

tcentrifiiital  force  c<tiial  to 

R 

(S  4')t  wife's  R  is  the  radius  of  the  circle  Bcit.  This  force  will  act  \'erti- 
cally  upwards  along  the  radius  tc,  and  therefore,  since  this  clement  of  the 
cord  remains  in  equtlibrtum,  that  is,  docs  not  mo\'e  away  upwnrds  under 
^tbit  force,  it  mint  be  acted  upon  hy  an  e([Ual  anil  opposite  force.  N'ow, 
be  cndy  force  which  acts  upon  the  clt^menl  of  ibe  cord  is  the  tension  of 
:  cant  acting  at  its  two  ends  B  and  Ii,  which  leiuion  acls  in  the  dircc- 
rtion  of  the  cord  at  B  and  D,  that  is,  along  the  tangent  to  the  circle  M 
tbcw;  points,  cronitdcr  the  tension  acting  al  n  ;  it  consists  of  a  force  T 
acting  in  the  direction  of  the  tangent  »o.    We  tnay  resolve  this  force 

into  a  venical  component,  RH,  and  a  hoiiionial  component,  ku  (f  f/f\ 
If  0  b  the  angle  between  the  radius  ru  and  the  radius  kc,  since  BH  it 
panUel  to  PC  and  the  tangent  ug  \%  at  right  angles  to  nr,  the  angle  Ban 

H  equal  to  6.  Hence  the  vertical  conipunent  of  the  tension  R>t  is  7' sin  fl 
tn  the  same  ««y  the  vertical  cmnpunent  of  the  tension  at  ii  is  also  7" sin  C, 
so  that  (he  total  vertical  component  of  the  lensions  acting  on  ihc  small 
element  BCD  of  the  cord  is 

iTsin  A 

r,  6  being  the  circular  measure  of  the  angle  Jirc,  the  length  of  (he 
tc  is  Afl  (§  14).  Alio,  as  by  supponiion  the  length  of  the  arc  «C  it 
\yrTt  uioll,  so  that  the  angle  <i  is  also  very  small,  the  sine  of  the  angle  9 
-  is  equal  to  &  (§  14).     Henc«  the  vertical  component  of  the  tension  is 


i/'iiH^..  or 


r.is 


3/f  R 

^Equaling  this  vertkal  component  to  the  centrifugal  force  acting  on  the 
Hi  of  the  siring,  we  get 

m^.Jt  ■  *>•     T.ts 


or 


or 


-i 


-Jl- 


ihal  a.  the  relodt;  of  the  nate  Is  e(|tuU  to  the  sqiare  toot  of  the  teiumn 


^' 


yS6 


Wavt-Moti'm 


BsTT 


Fk.  9yy 


oS  Uie  string,  e:i]>m»ed,  of  cotirec,  in  absolute  force  uniu  (§  6i>,  divided 
b^  the  iniiii  uf  unil  Ii-rifjlh. 

277*-  The  Velocity  of  Gravitational  Waves  in  Deep  Water.— 
Indccp  water  the  paths  of  the  individiul  panicles  of  the  water  diirinj; 

ttie  paviagc  of  a  wave  &re 
circles,  AS  shown  in  Fig.  319, 
sa  that  81  the  cre^t  e  of  « 
wave  ABCUE  (Fig.  ;y>)  vliich 
is  movioR  from  left  to  right, 
the  nater  particlci  are  also 
moving  to  the  right,  while  At 
the  trou){b  i>  ihcy  arc  moving 
to  the  left  with  ihc  wune  velo- 
city. Let  llie  ««locity  of  the  wave  be  ;-,  and  suppose  as  in  the  Ust 
section,  that  we  bring  the  wave  to  rest  by  imparling  a  velocity  -f  to  the 
water,  that  'n,  in  the  direction  from  right  to  left.  Let  a  be  the  radius  of 
tlie  circle  in  wbiih  a  snrlacc  panicle  tnnvcs,  then  ihe  spc«d  of  the  par- 
ticle due  to  its  moiioii  in  this  rircJc  is  itmlr,  where  r  a  the  period  of  the 
wave.  Thus  when  ilic  wave  is  brought  lo  rest  bj-  trnpattins  a  velocity 
- 1>  to  the  water,  «e  liavc,  tf  wecall  thevclocity  from  left  10  right  pniitive, 
that  the  velocity  of  a  particle  at  U  (s  IwitiV-i',  and  ih^l  of  a  p.inicle  at  I> 
is  -  iwit'r - 1'.  Suppose  wc  consider  a  small  volume  element  of  the  fluid 
which,  for  simplicity,  we  may  take  as  of  unit  mass.  The  kinetic  energy 
of  this  element  when  it  is  at  D  is 

id^/r-htf. 
while  when  it  reaches  n  its  kinetic  vnergy  is 

Katwi/r -»-)>. 
Thus  tlie  kinetic  energ;'  lost  between  i>  and  R  is 

T 

Now  between  the  points  D  and  it  the  element  has  been  raised  thnouj^li 
a  height  fh  or  7a,  and  has  therefore  gained  potential  encr^  of  amount 
T^a.'  .Since  the  gain  of  potential  cncr^-y  must  be  equal  to  the  loss  of 
kinetic  energy,  «c  hn\-e 

4iriTS' 

-7    -'-?». 


or 
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I  TW  lurfan  «f  the  liijutil  niinl  all  U.-  .it  liir  nnio  pmnirc,  m  that  no  work  <* 
done  aga'nM  hydroitftuc  premire  sbile  ibe  volunic  element  piit*n  (com  i>  to  ■. 
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Now  if  X  is  tlw  vrftve-tcnKtb.  tl>i»  »  the  disloncc  paued  ibrough  by 
the  watt  ill  the  Itnw  r,  so  tbiu 

C—X/rort— X/r. 

Heiic<^  lubttilutiDg  flus  value  for  r, 

3wtr 


y  in 


278'.  The  Velocity  of  Gravllatlonftl  Waves  in  Shallow  Water. 
—  1*1  A>r>K  (FiK-  231)  repirscnt  a  scdioii  of  a  wnvc  in  shallow  ■aier, 
/ii  beint;  ihc  boitoni  of  rhc 
Iter,  and  aK  ilie  undis- 
rbeO  &ur<jic«.  Let  iIm* 
city  of  the  fhw  be  1; 
,  at  before,  xuppOM:  tlic 
Ave  braujiht  to  rctt  by 
givinj;  ihc  water  a  velocity 
-I'.  Lei  (/  be  the  depth 
CL  of  the  water,  and  a  be 
rihe  height  of  ibc  ctest  above 
the    general    level    or    tlie 


n<;.  »3i, 


depth  of  the  trough  below  this  level.  Tlitn  ViK'^J-aa.aA  iil.— i^+a, 
Kow,  in  Ibe  caie  of  waves  in  shallow  water,  the  boriionial  component 
iwi  the  tnofion  of  all  tbe  naler  particles  in  the  satne  vcrtifal  line  'a  llie 
Let  the  velodiy  witli  which  tlie  patiictu  alonjf  ihe  line  lu.  would 
moiinjc  forward,  if  the  water  were  at  test,  be  m,  and  that  with  which 
Ihe  [>arii<lc«  alOHK  ihc  line  HK  wnuld  be  moving  bark,  be  -  «. 

When  the  water  is  niming  at  a  whole  with  a  velocity  *  v,  ibc 
vflochy  of  the  water  patiictei  at  ni.  ix  u-v,  while  ihat  of  rhc 
panicles  at  i>k  is  -w  -  v.  Hence,  if  we  consider  a  6lice  of  the  wave  of 
tnta  breadth  peipcndiciilAi  to  the  |Mpcr,  (he  volume  of  water  which 
[■inri  through  ni.  in  a  iiccon<)  is 

(w-t-Krf+rt). 

AUo  ihc  quaiuity  of  water  which  |>aae<  thii>ut;h  DK  in  a  second  ii 

Nnw  M>  tbe  wave  remains  m  a  fixeil  potiiiun,  m  thai  B  is  always  a  crtsl 
ami  ii  a  trau{;h,  the  volume  of  water  between  Bl.  and  t>K  must  remain 
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consUnt.     Hence  just  as  much  wnttr  muM  enwr  throu][h  DK  in  each 
second  as  le«v»  t!icout-b  fit.    Tlius — 

or  va=u4    .    .    .    (i). 

Next,  if  we  consider  the  motion  of  a  small  elmnent  of  volume  whle 
movet  from  D  (o  B,  we  &hall  liavc,  as  in  the  laM  section,  1>y  c(|uatint;  the 
decrease  in  kinetic  energy  to  the  increase  in  potential  energy, 

From  (Oaad  (>)— 

■I   V 

or  v=  yf^. 

Since  the  pressure  at  the  surface  of  the  liquid  U  everywhere  the  san 
ihe  presiure  at  D  and  B  is  the  same,  and  so  no  "oik  is  done  againsi 
an  opposing;  hydrosiaiic  prc^ure  a»  llie  element  of  volume  of  the  fiuid 
movea  along  the  sutfece  from  D  to  B.  If,  however,  wc  considered  an 
element  of  volume  which  moves  from  K  to  I,  along  the  bottom,  no  work 
will  be  done  against  gravity,  for  the  clement  will  be  ut  the  same  hciglil 
at  L  and  K.  The  hydwstatic  pressure  al  I,  due  to  the  head  </+■»,  is 
gicnlcr  than  that  al  K.  due  to  the  head  d-a,  aiid  *o  work  will  have  been 
done  in  itioring  ibc  dement  atjaiiisl  this  opposing  hydtoslaiic  pressure^ 
and  this  work  will  be  the  equivalent  of  the  decrease  in  kinetic  enctCT- 
In  the  case  of  a  panicle  lietwcen  the  surface  and  ihe  bottom,  work  will  be 
done  against  both  ([ravity  and  hydrostatic  pressure. 

The  velocity  of  the  wave  being  equal  to  the  square  root  of  the  product 
of  the  depth  into  the  accclcr^iiion  of  gravity,  and  ihc^veiocily  acquired  by 
a  body  falling  freely  tlirough  a  height  ^i  being  \Jgd,  it  follows  tlut  the 
wave  moves  with  the  t-clociiy  a  body  nuuld  acquire  in  falling  tbrougb  a 
height  equal  to  lialf  the  depth  of  the  <rater. 

279*.  Veloelty  of  r  Ware  of  Comprasdoo  or  Dilatation  Id  an 
Elastic  Fluid.— We  have  next  to  consiJtr  Hit  velocity  with  which  a 
longitudin.il  wave  (^  i66)  moves.  In  such  a  wave  ibe  panicles  of  ibc 
medium  exeoile  hannoiiic  motion*  along  sinight  Unes  which  arc  parallel 
to  the  direction  in  which  the  wave  i*  moving.  By  the  forward  motion  of 
the  particles  the  medium  in  front  will  be  compressed,  as  shown  in  Fig. 
3i6,  to  that  owing  lo  the  elaiticiiy  of  the  medium  the  pressure  will  be 
increased,  while  by  the  liackwnrd  motion  the  mediimt  in  front  will  be 
ratelied.  and  the  prcs.iure  reduced, 

Supptne  that  the  medium  i«  contained  in  a  lube  of  which  the  crow 
section  is  unity,  and  tlvai  the  velocity  wiib  which  the  w-a^-r  ittovcs  is  v, 
and  that  by  imparting  a  velocity  -vxa  ibe  medium,  we  bring  all  the 
wnve»  to  rest.  Consider  two  imaginar}*  panitiiuii,  A  and  u  (Fig.  13311, 
placed  across  the  tube  1  then,  since  tlw  wave*  arc,  bv  the  motion  of  the 
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medium,  rendered  fixed  in  positicin,  the  pJiasc  of  the  wave  M  each  of  these 

panitions  is  always  the  umc,  and  ihcy  Ainsys  include  the  same  number 

of  waves  between  them.     Thut  w.  niay 

suppi»e,  if  wc  like,  that  A  t&  a  crcti  or    — 

point  where  the  coiiipmsioa  is  a  maxi- 

rnum,  and  B  a  Iruut;h  or  pornl  where  the 

rarefActian  is  a  maxiinum,  and  that  there    — 

it  a   half  wave  between,  so  that  we 

should  be  de>linj(  with  a  limitac  case  to 

tku  Bbown  for  wntrr  waics  in  Fi|[.  13 1. 

fliis  being  so,  the  pressure,  and  ihcrefoiv  also  the  volume  of  unit  mass 

oflbe  medium,  umI  the  vetociiy  with  nhich  the  particles  of  the  medium 

art  movinic,  due  lo  their  lo-imd-fro  motion,  remain  constant  both  ai  A 

tad  MM.     Lci  /„  f  „  u,  and  fi„  Vp  1,  be  the  pressure,  volume  of  unit 

mass,  and  the  velocity  of  the  panicles  (supposing;  the  mediiun  were  at 

ml)  at  A  and  s  respectively. 

Now  sittce  tlie  space  intercepted  bciireeti  a  and  _B  always  c/mtain* 
ibe  same  Buiaber  of  naves,  and  the  density  of  the  medium  at  each 
poial  19  eonstaoi,  the  mass  of  the  medium  iniercepied  between  a  and  u 
is  always  tlw  same.  Hen<«  the  (Quantity,  Q,  of  the  medium  which, 
owing  to  the  motion  supposed  to  be  imparted  to  the  modiuni  and  to  the 
r  vibration  of  the  particles,  enters  ihrotigh  B  in  a  given  lime  must  be  equal 
I  thai  which  leaves  through  A. 
Now  (be  velocity  of  the  particles  at  a  with  reference  to  A  is  u,  -v,  to 
that  the  volume  of  the  medium  which  posses  through  A  in  unit  time  >s 
K,  -w),  for  the  cross  section  of  the  tube  is  unity.  Since  the  volunie  of 
msM  of  the  medium  at  a  is  v„  ibc  mass  of  the  medium  which 
I A  ID  anil  time  is 

Q'^i'H-vyv,    .    .    .    (iX 

In  the  taxne  way  the  mass  of  tbe  me«lium  which  enters  ihroucli  b  in  imil 
rlMoe  is 

Kow  the  tiM«tcntiim  losi  through  a  due  to  this  passage  of  the  medium 
I  anil  time  ii  the  prodoci  of  the  ntass  lost  by  the  velvctly,  or 

■ad  tbu  gained  through  B  is 

•  the  xu/n  of  momentum  within  lite  space  included  between  a  and  u, 
;  to  the  passage  nf  the  medium,  is 

■r,  substiiuting  for  m,  and  w,  ibc  valnes  given  by  (i>  and  (3),  the  g»in  is 

i?iv,-v^    -    .    .    (3). 
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Nnw  ihc  momentum  conuinMl  between  A  and  B  ini»f  remain  ransinni 
ihrouKhoiii,  for  ihc  Mate  of  the  medium  temains  thn  »ainc  lhrou);huut 
There  muti,  ihereforc,  he  some  oaui^  which  cniiiies  a  Ii»s  of  nioiiienttim 
exactly  equal  W  the  gum  »■«  have  found  above  In  be  produced  l>y  the 
puiiage  of  the  medium.  This  cause  i*  ihc  external  foiec*.  nuinety,  the 
pressures  at  the  two  pinnes,  which  act  no  the  medium  contained  between 
A  and  B,  Now  the  pres^tirc  acting  foru'ards  on  the  medium  cuotaincd 
within  A  and  D,  thai  is,  the  pressure  ai  K,  is  fi^  while  the  pressure  acriing 
backwards  on  the  from  a  is  /,.  Hence  the  loss  of  momentum  durini; 
unit  time  by  the  portion  of  Ihc  ciiediLiit)  included  beiu-ecn  A  and  it,  doe 
to  the  exicRial  forces,  is  equal  lo  the  difference  of  the  pressure*,'  that  is, 

/i-A- 

If/i  is  greater  than  /j,  there  will  be  x  loss  of  momcnium  owinj;  to  ilie 
cRect  of  ihc  pr«8sures,  for  llic  rcsult.-tnl  force  opposes  the  molimi  of  the 
moditim.  Ilul  fii  being  grcaicr  than  /,,  :\  must  he  less  than  i-p  for  al 
the  greater  pressuic  the  volume  of  unit  mass  will  be  smaller.  If  f,  it 
tew  than  tf^  then  C(t'i  — S'l)  is  pnsiiivc,  so  lh.it  this  quantit)*  doe^  ncallj" 
represent  ngitin  of  momentum,  and  wc  sec  that  our  signs  are  riyhl. 
Equating  the  gain  and  loss  of  momentum,  wc  get 


or 


JfZh 


(4). 


H 


Now  the  elasliciiy  of  a  suUsUnce  is  the  ratio  of  the  stress  to  the 
strain  il  produces  (§  122).    Hence  if  f  is  the  elasticity  of  the  medium, 


E' 


Sireis 
StrMn 


Now  we  are  considering  the  change  in  \-olume  produced  by  a  change  in 
pressure.  Hence  if/,  and  /,  are  two  pre«surt4,  and  t\  and  t',  the  cor- 
re^toiidiiiij  volumes,  we  have  ihe  stress  is  Px-p-^  and  the  strain  is 
{<'i-«'i)/i'i,  for  the  strain  is  the  chanifc  In  volume  per  unit  volume. 
Hence  we  «et  £/„,./_^-A. 


Therefore  from  (4) 


C-^M 


(s). 


Now,  in  the  case  of  all  waves  such  as  wc  arc  coitsidcring,  the  changes 
of  pressure  are  very  small  compaicd  Ini  l)ie  whole  picssme,  50  that  f,  is 
very  nearly  Ibc  same  ai  t',,  ihe  volume  of  unit  mass  of  the  medium  when 

■  The  multinl  fdicc  acting  on  «  body  \i  meuiucil  liy  Ihe  cli*ii);c  In  nuMnenliiin  i( 
inriiluFB  In  unll  iimc  iNrwton'i  Vonnil  Xai,  \  60),  The  force  nciing  on  ilic  plui«  P 
i>  llic  ivTMiirr  ^,  ii>uU>i'l<nI  liy  Ihe  urea,  which  ta  unity,  while  Ihc  (oice  aciiiig  in  ' 
opptuiie  dtrectlon  On  the  pUne  A  h  in  ihe  nitw  ftyf,. 
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undisturbed  by  ibc  pasiago  of  the  ■'avc.  Abo,  M  m  consider  a  panition 
across  the  tube  at  the  pait  ofa  wave  nbcrt  there  is  neither  coaiprcMion 
or  nre&ction,  ibut  is,  half-way  between  a  ciesi  aDd  a  trouiih,  then,  as  is 
I  u  once  appaiGnt  fram  a  consideration  of  the  arrowi  in  Fig.  ii^  (he  par- 
ticles of  the  medium  are  at  reil  as  f^ir  as  their  viliratory  moiian  is  con- 
cemed,  and  so  the  vclocit)'  of  the  incdiuin  at  such  a  place  is  v,  the 
relocil)'  which  has  been  impressed  on  the  whole  medium.    Therefore 


Kcace  froan  (j)  and  (6) 

or 

or 


e=pK    ■    .    ■    (6)- 


andif/i  is  thedeiiMty 


Now  t*  l«  the  volume  of  anil  mass  of  the  medium 
of  |hc  tncdium,  ire  hnt-e 

V\=  ifp. 

Ilencc  f=  JeJp. 

Thai  is,  the  relociiy  of  wave  of  coinprewion  and  rarefaction  in  a  medium 
i«  equal  to  the  square  root  «f  the  cl.'iMtciiy  of  the  medium  divided  by 
its  density.  This  is  Nmicin's  expression  for  the  velocity  of  a  longi- 
tudinal wave  in  a  homogcneoiw  medium. 

Since  the  ctpmsion  for  the  velocity  docs  not  in\-olve  the  wave- 
length of  the  wave,  it  follows  that  waves  of  all  waxc'leiixlhs  or  frc- 
<iatac>ca  travel  with  the  tonic  t-elociiy. 


I'ART    II— SOUND 


CHAPTER    11 


PRODUCTION  AND  PROPAGATION  OP  SOUND 

280.  Sounding  Body.— All  bodies  which  are  the  source  of  ihst 
parlicuUr  dliiUiTliArtcc  which,  when  it  strikes  out  var  ;ind  afiecti  the 
auditory  ncn'cs,  uc  rati  sound,  aic  in  a  Ktnte  of  vibration.  This  can 
be  easily  proved,  for  if  a  suundin);  body,  such  n»  a  IjcII,  is  touched,  ihe 
vibralory  niDvemem  can  be  felt,  and  as  under  the  influence  of  ihc 
resistance  offered  by  the  Rnger  the  vibrations  die  out,  the  sound  emitted 
will  also  die  out.  The  vibrations  of  a  sticiched  siiing,  which,  when 
plucked,  giics  out  a  nuund,  are  vi«ble  to  the  eye,  and  as  Ihoy  decrease 
in  amplitude,  the  intensity  of  the  sound  also  decreases. 

281.  Conveyanee  of  Soand  to  the  Ear.— In  order  ibat  we  may 
percei**  a  sciind  by  our  cars,  it  is  necessary  that  the  sounding  body 
should  be  connecteil  with  our  ear  by  an  uninlemipted  scries  of  portions 
of  elastic  matter.  'Hie  physical  slate  of  the  luiitter,  whether  it  is  gaseous, 
liquid,  or  solid,  is  imnialeriat. 

In  order  to  show  that  this  is  the  case,  wc  may  mnke  the  well-known 
experiment  of  suspending  a  hell  by  a  thin  string  within  the  receiver  of 
an  air-pump.  As  llie  receiver  is  exhausted,  the  inicnsiiy  of  the  sound 
hc-trd  when  ihc  bell  is  struck  diminishes,  till  (in.iUy,  when  a  fairly  good 
vacuum  is  produced,  no  sound  at  all  can  be  hcird.  If  air,  or  even  a  few 
drops  of  a  liquid  which  will  form  a  vapour  in  the  receiver,  is  introduced 
the  sound  is  a^^in  heard,  as  is  also  the  Case  if  the  sounding  bell  is 
allowed  to  dip  into  a  vessel  containing  mercury  or  other  liqui<l  standing 
on  the  plate  of  the  pump,  or  to  touch  a  solid  rod  which  is  connected  to 
the  receiver  or  the  plate.  This  experiment,  therefore,  shows  that  sound 
cannot  be  transmitted  through  a  vacuum,  but  that  it  is  transmitted 
through  gases,  vapoury  liquids,  and  solids. 

Tlie  case  with  which  sound  travels  through  some  solids,  such  as 
wood,  is  very  clearly  shown  by  holding  one  end  of  a  long  wooden  rod 
against  the  ear,  when  even  a  veri-  light  scritich  irith  «  pin  at  llie  far  end 
will  lie  heard  with  gtcal  distinctncs^- 

Since  sound  requires  the  presence  of  matter  for  its  tnuismisann.  we 
arc  al  once  led  to  inquire  what  is  the  mechanism  l>y  which  thit  tnin»- 
ferencc  lakes  place.    TiMre  are  two  distinct  metliods  by  means  of  which 
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we  might  inuminc  thiit  ihc  loundinic  body  aflVrcts  the  car  through  iiii 
intervening  cpucc  lilltxl,  ».iy,  with  air.  Tl>c  sounding  body  mi);bi  aliout 
out  partides  of  some  kind,  and  tticM  panicles,  when  they  tiirike  (he  ear, 
■mght  cauM  the  scnsaiiun  of  Mtund  ;  or  the  fioundin);  body  may,  on 
■ccouni  of  iis  vibraioiy  niuiion.  ito.  up  waves  in  ilic  surrounding  air,  and 
Ihese  ««rcs,  travelling  ihrou^h  the  aii,  when  i!iey  strike  the  car  may 
cause  the  aennticn  uf  suiuid.  I'hui  the  firnt  L-iptanation  I*  unirnahle 
is  shovn  by  the  experiment  with  the  bell  in  the  ait-pump  re<'civcr,  for 
the  foci  that  no  lound  is  heard  nhen  the  air  i«  tcmaved  showt  that  it  is 
the  air  thai  conveys  the  sound  ;  hence,  if  anything  is  projected  out  from 
iheMXindint;  bell,  it  must  be  air  panicles.  \Vc  know, however,  thai  glass 
\\  imperviou*  to  air  panicles,  and  hence,  since  »-e  hear  the  bell  through 
the  gtus,  the  sound  cannot  be  ron\'eyrd  to  our  car  by  the  projection  of 
air  pftrtirks  from  th*  sounding  body.  Thai  the  second  method  of 
traiumisfion  is  the  correct  one  will  be  abundanily  evident  as  nc  proceed 
lu  describe  the  difTcrnii  phenomena,  sn  that  u«  need  not  insist  on  any 
special  experiments  by  which  it  cnuld  be  proved,  but  merely  state  that 
the  Sound  is  conveyed  from  the  sounding  body  to  the  ear  hy  waves 
which  are  set  tip  b>'  ihc  sounding  body,  and  shich  travel  ihiough  the 
matter  which  connects  the  car  :ind  the  sounding-  body,  1'hus  in  Ihc 
case  of  the  bell  in  tlie  receiver,  when  the  tatter  is  filled  will)  air,  the 
vibratory  movements  otf  the  bell  set  up  waves  in  the  air,  thcie  waves 
ttavel  out  till  they  meet  the  s'-'»s  walls  of  the  receiver,  iti  which,  by  their 
impact,  they  cau.te  wares ;  these  waves  n)i>itn  travel  tlirouKh  the  glass, 
and  at  the  outside  cause  waves  in  the  surrounding  air,  and  it  it  these 
latter  which  rc*rh  the  car. 

As  we  have  seen  in  S  s66,  there  are  two  distinct  kinds  of  waves  which 
OB  be  «et  up  in  a  medium.  The  sound-waves  are  longitudinal  waves  in 
whk^  the  nwtion  of  each  panicle  of  the  medium  in  which  the  wave  ia 
traveiDini;  moves  backwards  and  forwards  along  a  line  in  the  direction  in 
which  the  wave  is  travelling. 

2S2.  Tb«  ll«Ksuremeiit  of  th*  Valocity  of  Sound  In  Air.— It  ia 

a  matter  of  common  experience  that  sound  takes  an  appreciaNc  ttnie  to 

tntrel   from  one  place  to  another.     Thtts  when  we  observe  a  mxn 

I  liR«king  stones  at  a  little  distance,  the  suimd  of  each  blow  is  Aiun/  a 

'  very  appreciable  lime  after  the  blow  is  ittn  lo  be  strtick.     In  tlie  same 

'*iay,  the  puff  of  smoke  and  dash  of  3  distant  cannon  is  seen  some  time 

before  the  sound  of  the  report  is  heard. 

S(i>ce,  its  *v  shall  see  later  on,  the  time  taken  by  tight  to  travel  over 
La  dtaanOB  of  a  few  miles  is  only  a  very  small  fraclion  of  a  sccoimI 
HrWbvs  MCOnd  fi>r  one  ini>r\  the  most  obvious  way  of  measuring  tlie 
[-vdodty  of  tound  in  air  is  to  note  ihe  interval  which  elapies  between 
ting  (be  flash  and  hearing  the  icpon  of  a  cannnn.  Tlien,  if  the 
}  dnianec  of  the  cannon  from  the  obscncT  is  known,  (be  \«locity  of  sound 
■tely  be  calculated.    Tbe  expcrimeix  is,  however,  not  tjuiie 
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<n  simple  as  it  woald  at  fint  *iK)<t  appear.  For  ihe  velocity  ol  sonod  is 
aflfected  by  the  wind,  the  tcinperacure  of  the  air,  and  the  quantity  ol 
mottlnre  in  the  air.  In  order  lo  reduce  the  influence  of  these  diiliubing 
cau»cs  10  a  tninunum,  AngA,  and  a  numbef  of  French  ot>«cr\-cTi  nho 
troffced  vith  him,  in  tSsi  chow  two  KUtions  ai  a  diuaocc  oT  iS6ix.sj 
metres  apan.  Ai  each  nation  a  caan>on  was  placed,  and  the  obMirvn 
were  fumish«d  *ith  accurate  chroiMmctcis.  The  ouannn  at  the  two 
stations  were  fired  aJtetnately,  and  the  ofasenns  at  the  other  nation 
noted  the  time  which  elapoed  bctwtcn  iho  flash  fti>d  the  rqion.  In  iliis 
way  the  cAcci  of  the  wind  on  the  velocity  o[  found  was  eliminated,  for 
if  ilie  win<l  aMiM«d  the  sound  wht-n  travelling  in  one  direction  it  would 
retard  it  whtn  travelling  in  the  opposite.  As  a  result,  they  fouitd  lliat 
lb)!  Miund  tiKik  J4.4  Mcands  to  travel  m  one  dir«aiou  and  J4.8  Mcoods 
in  the  opposite.  Hente  the  mean  velocity  was  340.9  metres  per  tecund. 
'Hie  tempeiatnie  of  tlie  air  was  obierved  at  a  number  of  points  between 
ibc  (wo  Mations,  the  mi^an  liein^'  ti'.')  C, 

Kxperinienls  of  tliii  kind  are,  bowevcr.  subject  to  a  syslCtnatic  emw, 
due  lo  the  faa  thai  it  takes  an  appreciable  lintc  for  an  observer  lo 
bcvoine  awaie  of  a  flash  or  a  tcporl,  and  lo  perfonn  some  action,  such  as 
pressing  a  buiion,  10  matfc  Ibc  time.  If  the  same  delay  ucctined  in 
recording  the  fiash  and  Ihe  report  it  would  be  of  no  conM4)uencc,  sinct 
one  would  compensaie  for  the  other.  This,  however,  is  not  the  case,  Ibr 
not  only  docs  the  time  necessaiy  to  record  a  vistial  and  an  aural 
imjnession  differ,  hut,  what  it  more  important,  while  the  flash  occtirs 
unexpcciedly,  tts  occurrence  acts  as  a  waminjc  lo  prepare  for  ihc 
report. 

Inordcr  to  eliminate  this  source  of  error,  Rcjinniiti  pcrfrnmcd  a  sciics 
of  cxperimcnis,  in  which  ili«  instant  at  which  the  discharge  of  a  pistol 
touk  place  was  recorded  on  a  rotating  drwn,  by  causing  the  bullet  to  cut 
a  wire,  and  thus  break  an  electric  current-  The  arrival  of  the  sound- 
wave wiis  also  auinmaiically  recorded  by  incans  of  a  stretched  iliaphiaKm, 
10  the  centre  of  which  11-Asatt.iched  a  small  metal  disc  When  the  sound- 
wave struck  thb  diaphragm  it  was  forced  back,  and  ihe  metal  disc 
touched  a  metal  poini,  which  had  been  adjusted  so  as  very  neatly  to 
make  coniact  with  the  disc.  The  disc  and  point  fnrtncd  part  of  a  second 
electric  circuil,  and  ihus,  when  they  came  inlo  contact,  the  circuil  was 
completed,  and  a  re4.-ord  was  made  on  the  rotating  drum  as  before.  The 
lime  which  had  clap%c<l  bet«-een  the  1*0  marks  was  (telerrotned  by 
mean*  of  a  series  of  marks  made  by  the  pendulum  of  a  clock  breaking 
another  electric  (-irciitt,  and  by  the  rriicc  made  by  a  fine  point  attached 
10  the  pmng  of  a  tuning-fork.  Regnaull  made  nbu-nations  of  the 
velocity  of  sound  in  air  by  this  method  in  long  underground  water-mains 
in  Paris,  in  whidi  no  wind  effects  were  to  be  feared,  and  where  the 
tnn|M!riilure  of  llic  air  ruuld  he  iiuirc  iicfiiratrly  delvnninc-d  than  in 
the  o|icu.     He  (bund  tliat  the  t-clotiiy  depended  to  a  slight  extent  on 
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tbc  diameter  of  the  (lipc.  and  on  tl>e  JnicnsJiy  of  ihe  sound  He  aim 
»ed  iIm:  Kitne  a{>IKir;ilus  for  utncnalion^  In  ibc  open  air,  and,  as  a 
Ircndt  of  iill  hi*«\]>erancms,  cuinc  10  ihc  conclusion  iliat  ihc  velocity  of 
a  MWnd  of  small  mtcnsiiy  in  dry  air  ai  a  tanpcraiurc  of  o'  C  was 
j>a.6  metre*  per  second. 

In  order  to  mrasure  the  velocity  of  lound  in  a  Itmiled  di»unce, 
IloMcha,  ami  afirr  hicn  Keenly,  wwA  two  »mall  liammcrs,  wnrkni  simiil- 
UBcamly  by  an  ekctiic  curieitl  irliich  wui  made  by  the  ]>cndulimi  of  a 
dock,  say  ever)'  lulf-setond.  If  the  two  initrmncnis  ar«  at  equal 
distances  from  the  olncncr,  ilic  nipi  of  the  liamuicrs  will  be  liranl 
simullancodsly.  If  now,  while  one  instrument  ii  kept  nt;ir  the  observer, 
tl»c  other  is  KntdiuUy  moval  airay,  the  taps  will  no  loiifier  bf  httird 
sinuiltimcously,  fur  (he  sound  from  the  further  instrument  will  take 
tottjcr  to  rcich  Ibc  ear  than  !h;it  from  the  nearer  one.  As  tlic  diitniic^e 
betweca  the  inslnuDcnts  i^  firlhcr  increased,  a  point  will  be  reached 
sucti  thai  ihc  ohtcrvcr  a^ain  hears  both  raps  simuli^incnusly :  the 
(tuibof  tnslrumcni  being  at  such  a  distaiKc  thai  ilic  Miund  of  a  rnp  from 
the  nearer  inslrunvenl  reaches  bi«  ear  at  the  satne  instant  as  the  p^c^  tous 
tap  Crotn  (lie  furtlier  one.  Hence  ibe  sound  has  tr^tvcrsed  the  distance 
bctirecn  tl>e  two  iiu(nunents  in  the  interval  that  etap&i-^  between  two 
conseculirc  rap*.     If  /  is  this  interval  of  lime,  and  d  is  the  distance 

between  the  inslruinenti,  then  the  I'clocity  of  sound  is  '' 

Tbe  velocity  of  sounds  of  alt  pilches,  Ihai  in,  freiiuencies,  was  found 
by  Regnanlt  to  be  the  same,  for  when  a  tunc  was  played  at  oi>c  end  of 
tbe  hiajt  tube  an  abscrt«r  at  ihc  other  end  heard  the  tunc  unalTccied. 
except,  of  course,  that  ihc  loudncM  was  decrc-oed.  Now  if,  say,  the 
high  DMet  had  liavelkd  fasler  than  the  low,  the  inieival  of  time  which 
mwkl  elapse  between  the  distant  observer  hearing  a  low  note  followed 
by  a  high  would  he  [[rcatcr  than  the  pioper  intenal,  and  t'f.v  virsa. 
Thus  the  time  of  the  tune,  thai  is,  the  intervals  of  time  between  the 
successive  Doies,  «<ould  he  wrong  at  a  distance  from  the  pla«  whcr« 
h  was  played. 

This  experimental  result  agrees  with  Ihc  expression  which  we  obtained 
"•>  %  T9  'or  the  velocity  of  a  lonKilodinal  »•»»■«,  for  (hii  expression  does 
BOt  involve  (Iw  frequency  of  the  wave,  *o  that  tJie  velocity  is  independent 
nf  |]ic  bequcncy. 

38S.  The  MeaMiremcnt  of  th«  Velocity  of  Sound  In  Wftter.— 
The  vtJocity  of  sound  in  n^ti-r  *:\s  iHcrmincd  dircitly  by  CiilUidon 
■nd  Sbinn  in  the  Laic  of  ir.ciKv.t,  Two  boats  were  moorwl  at  a  dis- 
tance of  15,487  nicirc*  apnu.  and  from  one  boat  was  suspended  in  the 
valer  a  latijc  bell.  The  liammer  of  the  bell  «as  woriced  by  a  le^-er. 
whirli  *CK\  so  arranged  tlut  at  the  instant  it  touched  tlie  twll  a 
l>Khtcit  iiiJti  !i  w.Ls  causrd  to  «■!  fin-  10  ^oitie  xaJipowiter.  Tlie 
r  m  ttie  uther  boat  wax  provided  with  a  EliiunometLt  and  a 
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large  hom-shaped  trumpet,  the  targ%r  end  of  which  was  closed  I^  an 
india-rubber  membrane  and  dipped  into  the  water.  He  noted  tbt 
time  which  elapsed  between  the  Rash  of  the  powder  and  the  sound  of 
the  bell  which  reached  him  through  the  water.  In  this  way  they  feand 
that  the  velocity  of  sound  in  water  was  1435  metres  per  second  at  a 
temperature  of  8°.  I  C. 

284.  The  MeaauFement  of  tbe  Veloeity  of  Sonnd  Id  Solld&- 
A  direct  determination  of  the  ratio  of  the  velocity  of  sound  in  air  to 
that  in  cast  iron  was  made  by  Biot,  by  measuring  the  interval  betueca 
the  two  sounds  heard  when  the  end  of  a  long  cast-iron  pipe  was  struck 
by  a  hammer.  One  of  these  sounds,  the  first,  is  that  which  trat-ch 
through  the  iron,  and  the  other  that  which  has  travelled  through  the  air 
in  the  pipe.  In  this  way  he  found  that  the  velocity  in  cast  iron  was 
10.5  times  that  in  air,  but  the  experiments  were  not  of  any  high  degree 
of  accuracy,  since  the  interval  between  the  two  sounds  (i.j  seconds)  ^as 
very  small,  and  therefore  hard  to  measure  accurately,  and  the  pipe  con- 
sisted of  a  number  of  separate  pieces  joined  together  by  lead,  so  that  it 
was  not  a  continuous  rod  of  iron. 

We  shall  see  in  a.  subsequent  section  how  the  velocity  of  sound  in 
solids  can  be  indirectly  determined  with  a  much  higher  degree  of 
accuracy. 

2S5.  CaleiUatlon  of  tbe  Velocity  of  Sound  In  a  Bomos^neooi 
I.         Kedium.— In  the  case  of  longitudinal  waves,  such  as  occur  in  the  case 
of  sound,  Newton  first  showed,  as  we  have  done  in  %  379,  that  the 
velocity  v  is  given  by  the  equation 


s/~' 


where  E  is  the  elasticity,  and  p  the  density  of  the  medium. 

Further,  we  have  seen  in  %  122  that  the  elasticity  E  is  equal  to  the 

.  slrcii 

quotient  —  r-. 

strain 

In  the  case  of  a  gas  the  stress  is  the  excess,  or  the  defect,  of  the 
pressure  at  a  f,'iven  point  and  at  a  given  time  during  the  passage  oS  the 
wave,  over  the  average  pressure  at  that  point,  or,  what  comes  to  the  same 
thing,  over  the  pressure  when  the  wave  is  not  passing. 

If /*  is  the  undisturbed  pressure,  or  mean  pressure, /  the  incr«asf  of 
pressure,  and  Kand  j'  the  original  and  change  in  volume  of  unit  itikss 
respectively,  then  the  stress  is  p  and  the  strain  is  vjV,  since  v  is  the 
total  deformation  and  vIV  is  the  deformation  per  unit  volume  (g  130). 
Hence 

Now  if  Boyle's  law  holds  with  regard  to  the  compressions  and  rare- 
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factions  which  lake  place  when  the  sound-waves  travel  through  a  gas, 
we  have 

=PV-Pv+fiV-vp. 

Since  in  the  case  of  sound- waves  the  change  in  pressure/,  and  therefore 
also  the  change  in  volume  v,  is  excessively  small,  the  product^  will  be 
very  small  indeed.     Hence,  neglecting  this  small  quantity,  we  get 

Pv~pV, 

But  £=^. 

Hence  E=F. 

Thus  if  the  changes  of  pressure  and  volume  in  the  gas  obey  Boyle's 
law,  which  of  course  will  only  hold  if  the  temperature  remains  constant 
during  the  compression  and  rarefection,  the  elasticity  is  numerically 
equal  to  the  pressure.  Substituting  in  Newton's  equation  for  the  velocity, 
this  becomes 

rp 


In  the  case  of  air  at  a  pressure  of  one  atmosphere  (1013303  dynes 
per  square  cm.)  and  at  a  temperature  of  0°  C,  the  density  p  is  0.001293. 
Hence,  substituting  these  values  in  the  equation  for  v,  we  have 


V  00c 


^^^  =27995  ""■  per  second. 
001393 

Now  we  have  seen  that  the  velocity  of  sound  in  air,  as  found  by 
experiment  under  the  above  condition  of  pressure  and  temperature,  is 
33060  cm.  p>er  second.  The  difference  between  the  observed  and  calcu- 
lated values  being  much  greater  than  any  possible  error  of  experiment, 
we  are  led  to  the  conclusion  that  some  of  the  assumptions  made  above 
are  erroneous. 

Now  we  have  seen  in  §  2j8  that  when  a  gas  is  compressed  its 
temperature  rises,  and  when  it  is  allowed  to  expand  the  temperature 
falls.  In  the  above  reasoning  we  have  supposed  that  the  compressions 
and  rarefactions  that  take  place  when  a  sound-wave  traverses  a  gas  are 
•o  slow  that,  by  conduction  from  and  to  the  surrounding  air,  the  tempiera- 
ture  of  the  compressed  or  rarefied  air  remains  constant.  If,  however, 
the  compressions  and  rarefactions  take  place  wiih  such  rapidity  that  the 
air  has  not  time  to  lose  heat  when  ii  is  warmed  by  compression,  or  to 
gain  heat  from  surrounding  panicles  when  it  is  cooled  by  the  expansion 
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during  liic  pa»st;v  of  a  wave,  then  the  cmnprcNtioii  jind  expansion  will 
be  iidialxilic  (g  !5«). 

Now  in  ilie  cue  nf  an  adiabatic  tomptcssitm  »r  rxp>inston  the 
rohime  and  procure  arc  connected  by  tbc  lelailon 

/*f'  — ironsianl, 

wlicK  t  i»  ihe  mid  of  ihe  spectfii:  heat  ai  constant  pressure  to  ihc 
spc'cil'ic  liL'Hi  ut  constant  vulumc. 

Htnci;,  making  tlic  aviuinplion  that  ihc  changes  or  pressure  and 
volume  causeil  by  a  sound-wave  ate  adiabaiit,  and  noi  ismhcmial,  a* 
we  previouily  auumed,  we  hat*e,  usin};  the  same  noiaiion  ;is  bcfi>fc, 

/■(■•-(/■+/Xf-'-fA 

Expanding  (y~vy  by  ibe  binomial  theorem,  and,  since  v  is  small, 
ncgleciin^  all  icrnis  whicli  involve  f'  or  bi^her  powers  off,  we  gel 

/'y*=(/'+fX I--* -*r*  ii.) 

or,  neglecting'  Ihe  lerm  involving  the  product  of  the  small  quantities 
fivadv, 

tfy^h>~py\ 

or,  dtvidint;  both  sides  by  f* '', 


or  since,  ~  =£,  we  have 


I'' 


iP= 


K=iP, 


and  hence  the  cqiiaiion  for  ihc  velocity  of  sound  becomes 


^\ 


■v/? 


In  tbecBscof  sir  jt— 1.41,  and  licncc  the  calculnlcd  value  of  the  velocity  is 
£8016  X  V  1.41  —  33=40  cm.  per  second,  which  agrees  fairly  welt  with  tbe 
obseri'i'd  \.i1up. 

Tlie  itbovc  is  Laplace's  funniula  for  the  veJority  of  sound  in  j  Ras, 
and  the  fact  tliai  the  lakulated  value  of  the  vctoriry  alters  with  the 
ot>ser>ed  value  ii  a  proof  of  the  .iccuiacy  of  the  auumptions  on  which 
it  is  based.  Wc  fhall.  indeed,  m«  furrier  on  thai  the  most  accurate 
lueihod  of  determining  the  ratio  of  the  specific  ht-ai*  for  a  ^ns  it  to 
mcnsute  the  vvlmaly  of  sound  in  the  hoa,  and  tu  calculate  Ihc  value  of  4 
from  I.n|>Iace's  equation  for  the  vclocitv. 
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In  tbe  ca«C  <rf  liqaitU,  the  mmptcxnilnliiy  is  f,a  smnll  ihnt  the  ilic-rtnal 
chan^^  vhich  lake  place  00  ihU  nccmint  liavc  no  ap]>rfM;iable  cftcct  on 
t1i«  claiilictEy.  so  Ihul  in  tliU  case  Ncwtori'«  cqiialioii  is  applicubk-.  For 
«Mer  we  hat-eai  4*C.p<'  l.unil  an  increaM:  of  pressure  of  one  MmtHpbtrre 
CauMS  unit  volame  to  decrease  by  .000049  units  of  volume.  Hence  in  tlie 
e^.s.  tystcm  ihc  daitichy  is  given  by 

tttvst _ 760X 98 1  X  13.59 
ttraiH  010000149       ' 


md 


/760X98IXI3.S9 
''V         ftoooo4g 

—  14380  cm.  p«r  second. 


a  Tenth  wbkh  ;^i!Tee«  Inirly  n<-II  wiiti  ibr  ikbsi'rvi-<l  vnlur. 

286.  EfTeet  of  Temperature  on  the  Velocity  of  Sound.— We 


bare  seen  in  §  197  ihul  in  a  case  of  a  gax 


Ural 


is  a  consianL     Hence 


if  /'g  IS  tite  standard  prevture,  and  V,  is  the  volume  of  unit  mass  of  a  gas 
ax  tfais  pressure  and  at  a  temperature  of  o",  wc  have 


py 

l  +  a/ 


-/•-('-. 


:  if  t '  is  the  volume  of  unit  mass  wc  have,  since  llie  densiiy  r  i*  the 
I  of  unit  I'olunvc,  the  relation  V—  t,'^ ;  and  hence 

Uaooe,  ■(  v«  is  the  velocity  of  sound  at  a  tempcraiurc  /,  we  have 


For  if  *r.  is  the  vdocity  of  sound  at  o',  and  under  standard  pivMUnc, 


V* 


-^/^^ 
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Now  if  we  expand  •J{t+ai)  by  the  binomial  theorem,  and,  since  a  is 
small,  neglect  tenns  in  a*  and  in  hi^'her  powers  of  a,  va  get 


or,  since  a— .00366, 


v,=v>(^+'^y 


i/,=_u,(l +  .00183/). 


In  the  case  of  air  i',=33o6o  cm./sec 
Hence 

*'(=33o6d+ 60,5/ cm./sec. 

Changes  of  pressure  unaccompanied  by  changes  of  temperature, 
such  as  a  change  in  ihe  barometric  pressure,  will  not  affect  the  velocity 
of  sound  in  a  gas,  for  by  Boyle's  law 

P     Pa 


or 


Hence  the  change  in  pressure  effects  the  elasticity  and  the  density  in 
the  same  ratio,  so  that  the  velocity  of  sound  is  unaflecied. 


CHAPTER    m 
PITCH— MUSICAL  SCALE 
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287.  (tUftlltT  of  Sounds.- SoutiJs  which  affcel  our  cnr  arc  divid^-d 
into  iwo  i.Usscs.  One  of  itieie  torniits  of  short  sounds  which  last  only 
for  It  sboit  time,  or,  if  tbcy  List  for  any  Icngih  of  time,  are  continuBlly 
dttnicinif  ibeir  chancier,  and  am  cnltcd  noises.  The  other  cias^  cod- 
ibis  of  itoiuida  the  cliaractcf  of  which  b  that!  the  vibrations  by  which 
they  are  cdusmI  are  periodic  ;  these  are  called  mu&ical  notes. 

Muiical  note*  differ  from  one  aiiolher  in  thn-c  knpoirtant  panicutant : 
ft)  They  may  be  of  dillcreiii  intensity  or  loudness.  Thus  when  we 
n»ov«  amy  from  a  sounding  body  the  iniensily  of  the  note  jjivco  by 
the  body  decrcaiet,  but  does  not  oihcrwite  niter,  (i)  The  pitch  of 
two  notes  may  be  diffcrcni.  We  shall  see  thai  the  pilch  or  highneu 
of  a  note  depends  on  lite  frequtncy  of  llic  vibrations  of  the  souodinjf 
body,  (j)  The  outes  given  out  by  two  difiercnl  inalniuients,  such  a* 
the  comet  and  the  pnano,  although  they  may 
be  of  the  tame  pitch  and  intcniity,  arc  clearly 
di<tinf:uishabte  by  tlMi  ear.  This  quality  of  a 
mnsical  note  is  called  its  timPre. 

288.  Plteh  or  a  Noto.-That  the  pitch 
tt  «  Mund  depends  on  ttie  freiiuency.  or  the 
iMRnbcr  of  vibiatioos  per  second  made  by 
ilw  sounding  body,  can  be  shown  by  the 
insinnncnt  called  a  syren.  The  usual  fomi 
of  ihii  instnimenl  is  shown  in  ¥\^.  333.  It 
onnsi*!*  of  a  circular  disc  iik',  mounted  on 
a  %«riical  spindle  !>,  so  thai  it  luins  freely, 
lliis  disc  is  pierced  \rf  a  number  of  )iolcs 
U  eqol  dittancM  apart  The  diic  is  pivoted 
so  thai  it  juit  ckan  the  upper  surface  aa' 
of  a  small  wind-box,  K,  which  is  connected 
wtlh  a  bellom,  hy  means  of  which  a  con- 
dadona  current  of  air  mn  be  forced  into  tltc 
tiMliuiiiwit  The  pUlc  A  H  pierced  by  lh« 
same  number  of  holes  as  the  movable  A\ae. 
TitK  holes  in  llic  fucd  and  movable  discs 

are  nut  <lrilled  at  light  angles  to  the  surface  of  ibe  plates,  but  lliose  in  a 
and  B  arc  indiited  in  opposite  directions,  as  shown  at  n  ai>d  i.    llcnrr 

1*' 
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the  air,  wheo  forced  out  thtou};h  a,  MriltM  againai  ihe  »idi:  of  the  hole  i, 
and  causes  ihc  Sue.  lo  romic  in  the  direction  oi  the  arrDw.  Each  time 
the  holes  in  ihe  upper  disc  conic  opposite  the  hole*  in  ihc  lower  pLitc,  a 
pulT  of  air  escapes,  and  [lie  disc  receiver  nn  impulse.  If  the  diic  U 
totaling  sufficiently  rapidly,  these  puffs  will  produce  a  iiiusiiiLl  imie,  and 
fts  the  velocity  of  rautinn  of  the  disc,  and  tlicrefore  aUu  the  frequency 
of  the  puff*  inrreascs,  the  pitch  of  the  note  riwjs. 

Tlio  syren  alw>  pemiita  of  the  deieraiinalion  of  the  frequency  of  k 
musical  nulc,  for  if  there  are  x  holes  in  the  upper  and  lower  plates^ 
then,  durin}(  a  complete  revolution  of  the  upper  plaic,  ■  hole  in  the 
upper  plntc  will  coincide  with  n  hnic  in  ihc  lower  plate  r  times.  For 
the  nn^utnr  distance  lictween  two  hole*  in  the  lower  plaie  is  3'>o,'j-, 
and  hence,  when  the  upper  plnic  has  turned  thiou^h  this  angle,  each 
hole  on  the  upper  plate  will  ha»'c  jusi  moved  on  one,  and  will  coincide 
with  the  next  hole  in  ihc  lower  plate-  The  number  d  coincidences 
during  one  lum,  or  360',  i«  therefore 

If  (he  movable  plate  maVes  «  revolutions  per  seennd,  (he  number  of 
puffs  per  iccond,  or  the  frequency  of  the  sound,  will  be  m: 

In  pcrfoiniinji  the  cuperiment  the  pressure  of  the  wind  is  increased, 
thus  causing  the  movable  plalc  lo  rotate  faster  and  faster,  till  (he  pitch 
of  the  nole  emitted  is  the  same  as  that  of  the  note  whose  frequency 
lias  lo  be  measured-  Tlie  wind  pressure  is  then  kepi  constant,  and 
(he  number  of  revolutions  made  by  the  movable  plate  in  a  given  lime 
i«  obtained  by  means  of  the  toothed  wheels  K  and  :s,  which  can  be 
put  into  gear  with  the  endless  screw,  ^,  attached  (o  the  spindle  by 
pressing  on  the  knob  v^  at  the  commencement  of  the  interval,  and 
put  out  of  gear  at  Ilie  end  o^  the  intcr\*al  by  pressing  on  the  knob  f. 
The  wheel  R  moves  on  one  tnolh  for  each  revo!vi\Ion  of  the  disc,  and 
has  looteeili.  Tlic  wheel  s  is  moved  on  one  tooih  every  lime  R  com- 
pli-les  a  revolution.  Hence  the  number  of  turns  and  hundieds  of  turns 
cat!  be  read  off  on  Iwo  dials  by  nieans  of  pointers  aiiaclied  to  R  and  s. 

In  performing  sueh  an  experiment,  there  is  cooNiderahle  difftculty 
in  keeping  the  speed  of  rotation  constant,  and  such  ibnt  the  note  given 
by  the  syren  is  in  unison  with  ihe  note  whose  fie<|ucr)cy  is  being 
measured.  For  tins  reason,  the  more  modem  ftimis  of  syren  are 
driven  by  a  small  electric  motor,  and  not  by  the  pressure  of  the  escaping 
air  in  ihc  inclined  holes.  The  speed  of  the  motor  is  kept  cooslant 
by  means  of  an  electric  regtdalor. 

Other  methods  of  nieasuring  the  pitch  of  the  musical  note  given 
out  by  a  sounding  body  will  be  considered  in  subsequent  sections. 

289  The  Musloal  Scale.  —We  have  in  the  pri-vious  seeiion  t^erred 
to  a  noic  as  being  higher  or  lower  than  another,  and  iliis  slalemeni 
Ivas  probably  con«yed  the  required  impression  to  all  readers.      We 
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have  n*»»'  to  consider  ili*  physical  cooncviicm  between  sounds  of  vatiou* 
pitch  in  Ibett  lelation  to  ili«  pleasinjj,  or  uihentiM!,  efTecl  tbey  produce 
on  our  car. 

It  is  found  that,  whether  ire  arc  dralinK'  wi'h  the  consecutive  sounding 
id  nm  notes  (mclodyX  or  with  the  i.iiniiU.-inci>ui  sauoding  of  two  notes 
(hinnonyX  '^^  e-ar  only  takn;  roKnii^anre  a.t  forming  pleasing  com- 
binolJORS  of  i»o<c*  in  which  the  m/io  of  the  fici|iicnacs  is  expressible 
by  iwo  inlcgcre  which  arc  neither  of  ihcm  very  large.  Hcnre,  in  con- 
udering  the  reUtions  between  the  pitches  of  miisicn)  notes,  we  have 
Mdeal  with  the  ratio  of  tlieir  ficqiiencies,  nnd  not  with  the  ditTerence. 
{rhe  niio  of  iIm  freiiurncics  of  two  notci  is  called  the  itit^n-iti  between 
the  notesA 

Hen«  if  the  frequencies  of  three  notes  are  »„  w^  and  n^  the  tRtcr\-a] 
between  ll*e  first  and  second  i?i  Hi,'ng  and  the  interval  between  the 
second  and  third  is  "s'lj.  The  interval  between  ilie  first  and  third  ix 
njttj,  and  sin<»  if,'H,=i»,'njXii^in„  we  sec  ilat  the  interval  between 
the  first  and  third  ii  obtained  by  mu/Zifily/Hg  the  inter\-.-tI  betn-ren  ihc 
first  aod  iccond  by  that  between  ibc  second  and  third.  Thux  the  "sum  " 
of  two  interval*  i»  obtained  by  miihiplyinK  the  iniervaU  In|;clhcr,  for 
we  Bwy  look  upon  the  interval  j»ii'«,  as  lieing  made  up  of  ibe  two 
separate  intervals  Ji„'n,  and  m^'wj,  which  will  take  us  from  the  note  K| 
to  the  note  ly  In  tbc  same  way.  since  «,>j-7- <»,/«, =j(j;«,.  the  dilVer- 
ence  bctwten  llie  intetvals  nii»]  and  ng'/r^ts  obtained  b>' dividing  one 
of  the«e  intervals  by  the  other.  Thus  the  interval  «*)/'(,  is  greater  than 
the  inten-al  "ij",  1>>-  the  interval  fft'ir 

We  iuvc  now  10  con.iidtr  the  inten-a!s  between  notes  which  convey 
10  the  ear  cert.-iin  n-ell-knon-n  and  distinctive  sensations,  independent 
of  the  absoltile  rrc(|ucncy  of  the  Iwo  notes.  In  the  first  place,  it  is 
found  that  all  notei  of  which  the  inictval  is  1,  r>.  ail  noics  hAvinx 
the  same  frequency,  atibouKb  ihey  may  ha\-e  very  difTerrnl  inten- 
sities and  timbres,  are  yet  riearly  remunUed,  whaiercr  ibeir  abtoltlte 
frequency  maj'  be,  as  having  sonic  quality  in  common,  that  is,  tlicy  all 
have  the  sanw-  pitch. 

Next,  if  (he  interval  betireen  two  notes  Is  {,  that  11,  if  the  frequency 
of  one  note  is  twice  iluit  of  the  otiicr,  tlx-  two  notes  when  sounded,  either 
coQ*ecuti\-ely  or  iof[etlier,  produce  a  not  unpleasing  sensation  on  the  ear, 
that  b,  they  are  said  to  be  in  accord  or  in  consonance.  This  interval  it 
CaDed  an  tulsnte.  In  this  case  again,  as  in  fact  in  all  cases,  the  ear 
fe<ngnises  this  relation  lieiweeji  t>'0  note*  whaies-cr  he  the  absoliiic 
fieqtien<:y  of  the  notes.  Thus  t"n  notes  of  which  the  frequencies  are  156 
and  513  ionn  an  interval  of  an  nrt.ive,  as  also  do  notes  having  the 
fn^quenoes  i;llanil  !$<■,  }7o  and  740,  &c. 

Between  a  given  note  aiwl  its  octave  the  ejir  recagni»cs  a  ilcAnitc 
■KCtmoii  of  notes  of  "liich  the  frequeivties  nre  well  del)iie<l.  These 
nom  form  what  it  colled  Ibc  mutical  itttU.     Slatting  front  a  note  at  any 


^ 


'^■ 


3S4 


■,  r  i'  ^ 


Sound 


B»89 


/refutMty,  we  c»n  cnnttrurt  a  urnlc,  and  the  inien-nl  between  successive 
notes  will  in  nil  rnscs  be  the  tumc.  Including  the  lowest  note,  which  13 
Cttlleil  the  tonic,  and  its  cictavc,  the  scale  cnnsl&ts  of  eight  noief.  The 
notes  of  Ihc  srale  are  gcncmlly  indicated  by  ihc  ktlcr*  C,  D,  E.  F,  G, 
A,  B,  <■,  or  ihe  niinics  ilo,  re,  mi,  fa,  so,  la,  si,  do,.  The  interval  between 
the  tonic  and  each  note  in  the  scale,  as  well  as  the  inicTvaJ  between  each 
two  conieculive  note*,  is  shown  in  the  following  table  ; — 

C        D         E         F        TC         A         B 
Z'^do        Tc        mi        fs         to        la         si 


I 


I 


i 


V 


dot 


\l 


H 


III 


1 


For  the  sake  of  remembering  the  relative  frefiocnry  of  the  notes  of  the 
scale,  the  following  scries  of  whole  numbers,  whirh  are  proportional  lo 
the  frequencies,  is  useful  ; — 


c 

D 

B 

F 

G 

A 

D 

( 

14 

*7 

30 

SI 

j6 

40 

4S 

48 

It  will  be  Mcn  that,  considering  the  intervals  between  oonxccutivc 
notes  of  the  scale,  there  arc  three  scpamic  and  distinct  inicri'als,  and 
these  intervals  have  received  special  names.  The  interval  |  or  1.135  '* 
called  a  major  tout,  ihc  interval  V  or  i.ii  1  is  called  a  minor  lorn,  9,nA 
the  interval  \%  or  1.067  '*  called  a  Hmma. 

The  difference  bttifecn  a  major  tone  and  a  minor  tone  is  J-i-V"  <"'  Si" 
and  is  called  a  (omm't;  while  the  difTerencc  between  a  minor  lotic  and  a 
liinma  vi  V''^H  '*''  H>  ^''^'^  '^  called  a  liitsis^ 

If  any  Iwu  notes  of  ilio  scale  arc  sounded  together,  the  ear  recognises 
that  the  cuinbinalioiis  ace  some  of  Iheni  more  consonant  iban  the  uttiers. 
The  most  consonant  interval  is  the  octave  or  j  ;  next  lo  this  comes  llie 
internal  between  the  tonic  and  the  fifth  cote  of  the  scale,  namely  G,  for 
which  the  inter>*al  is  J.  This  interval  ia  called  a.  Jijih,  since  it  occum 
between  the  first  ami  fifth  notes  of  the  stale.  The  neil  most  complete 
consonance  is  between  the  tonic  and  tlic  fourth  note,  or  Y,  for  which  the 
■Rterval  t^  jt,  and  this  interval  is  called  a.fourih.  Then  we  have  in 
succession,  as  far  as  conMinaoce  is  concerned,  the  fallowing : — 

Major-sixth  interval,  \,  between  C  and  A. 
Major- third  »  j,  „  C  „  K, 
Minor-third       n        f        .,        E  „    C. 

In  addition  to  the  Jntcnal  Iwtween  the  tonic  and  the  fifth  note  above, 
namely  G,  which  is  »omelimcs  called  the  dominant,  there  arc  oilier 
inicr\'al-t  between  a  nolo  and  the  fifth  one  aliove  it,  These  intervals  do 
not  difTcr  from  \  by  more  than  }},  or  a  (.lunmai  except  that  between  U 
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ami  /  ^\a  ihe  octave  abm-e),  which  exceed*  {  b^  ihc  interval  f  J,  or  n 
diesis,  and  is  called  a  miiior  fifth.  Hence  with  ihis  rxccplinn,  since  ihe 
bterval  of  a  coiiunii  can  tiarcl)'  be  npprcri.-iiril  hy  ilic  ear,  nil  ihexe 
intcrvsli  aic  very  coownwnl.  In  ihc  lamc  way,  with  one  exception,  the 
bimhs  arc  all  ihc  ume  to  wiihin  a  cnmma.  The  thirdii  and  sixlhs  nre 
cither  ma^r,  in  which  the  inlcrvnl  does  not  dilTcr  by  more  ihan  a  comnia 
(rom  {  or  },  a«  the  ca-ic  may  be,  or  minor,  in  whi<'h  ihc  interval  is  1cm 
hy  a  dictis  |}. 

lo  addition  to  the  noirs  ^iven  sbove,  use  is  made  m  music  of  addi- 
tional notct  which  are  derived  from  the  above  by  eithcf  laisin^'  or 
lowcrinfc  ihc  pitch  of  each  note  hy  a  diesis,  i.f,  ij.  If  the  pilch  is  raised 
by  a  dicsifi  the  note  is  »aid  lo  be  sharpened.  Thus  if  a  noic,  say  G,  of 
vhich  the  ficquency  i«  384  i«  increased  to  3S4X  j},  or  400,  ihc  new  nolc 
is  called  C  sharp,  and  is  indicated  by  ihc  symbol  G£.  In  ihc  same  way 
th«  note  liavinj;  Ihe  frc(|ucncy  3&tXf(,  or  3681.6,  Is  called  C  flat,  and 
n  indicated  by  G7, 

In  order  to  distinguish  (he  notes  oT  Ihe  scale  in  the  mrious  oclaves. 
it  is  usual  to  n&e  accented  tctletx.  The  lowest  octave,  namely,  thai  in 
which  the  C  makes  Jj  vibr;itions  per  second,  is  indicated  by  ihc  letters 
C|  to  B,-  This  ocuivc  is  often  called  the  \Moat  octave,  since  an  open 
organ-pipe  16  feet  Ion];  gives  a  note  incUidcd  in  ihts  octave.  The  next 
higher  oasce  is  indicated  by  the  unaccented  capiul  letters  C  to  B,  and 
it  called  the  8-fool  octave.  Ttic  next  octave  is  indicated  by  ibc  unac- 
ctrncd  smalt  letters  f  to  *,  and  is  called  the  4-foot  octave.  The  remain- 
ing octarcs  arc  indicauM  by  tlie  letters  /  10  *',  ^  to  t".  d"  to  ir. 

The  relation  of  the  above  octaves  to  tlie  ordinarj*  musical  nouiion  is 
shown  betow ;— 


% 


f  g 


T 


:^ 


d  /  r  g'  d  » 


We  have  hitherto  said  nothing  as  to  the  aluoluic  freiiuemry  of  any 
of  the  nmes  of  the  scale,  for  llie  intctwils  between  the  nnlet  are  tjuite 
indepeodent  of  the  absolute  fmiaencics,  and  only  depend  on  ihc  ratiots 
of  these  •{uanttties.  The  standard  pitch  adopted  in  dificrcnl  counirie* 
vari«  considerably.  Thus  the  French  standard  pitch  is  4JS  (^  <''c'> 
the  Ceinian  is  400,  and  the  concert -pitch,  as  it  it  called,  is  4^ 

For  many  purposes,  particularty  in  phvsics,  it  is  convenient  to  take 
as  the  statidard  426.66  foe  «*,  since  then  ihc  frequency  of  ■r'  will  be  256, 
which  number  it  a  power  of  iwa  Taking  the  frequency  of  I'as  z}6,  the 
frrtjuencies  of  ilie  other  notes  of  the  scale  will  he  as  (allows  ; — 
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A>  h  b  frfien  convenient  lo  be  able  iinnM-duie)^  (o  obtain  the  fre- 
quency or  a  ooi«  in  any  ociavc,  the  rollotring  table  is  gtrtn,  in  which  r* 
i(  tiLkeit  u  hating  a  fioquency  tA  364,  thi»  being  tite  atutdanl  adopted 
by  tlie  Stuttgait  COBgraw  And  tlie  Society  of  Am  :— 


Ocum. 

Noia. 

CjIdB,. 

CkiBl 
£6 

^lof 

f'taf. 

f"«.*". 

f^r'. 

C, do      .     . 

M 

'3' 

a&t 

toj6 

=  113 

I).  i«      .     . 

37.125 

74-JS 

148.5 

397 

J94 
660 

■  ittS 

=376 

E,  mi     .    - 

41.1s 

82.S 

I'rl 

330 

1310 

2640 

F,  fA  .     ,     . 

M 

S8 

35= 

704 

1408 

3Si6 

C,  Md     .     . 

WS 

■» 

198 

396 

79= 

'SS* 

3168 

A, la.    .    . 

ss 

110 

310 

440 

889 

1760 

3S» 

B,  »i .  .  . 

61.87s 

"WS 

a47S 

49S 

W> 

1980 

3960 

Since  the  interval  between  two  notes  o{  whidi  the  fre(|tiencie«  mq 
Kt  and  n  n  tnvtii  by  ihi!  ratio  /»;»,  if  ««  take  the  loj^nriihrnii  of  tbe 
frequencies,  the  diffcTcncc  of  the  logarithms  will  be  the  Ittgatithm  of  the 
iimmL     l-'or 

log  (n/i)  =  li%  m  -  log  ff. 

Hence  ercty  inien-al  lias  tbe  Mime  logarithin,  no  Dialler  what  the  ab»o- 
Inie  patches  of  tlie  Iwxi  noiei,  so  ihat  if  we  requite  to  detetniinc  ilic 
fn^atttcy  of  a  note  which  will  furm  a  Ki\«n  interval  with  a  Kiven  note, 
all  we  have  lo  do  ix  to  add  the  lo(;aiithm  of  the  interval  to  the  logarithm 
of  tbc  frequency  of  the  ^vcn  imic,  .-tixl  the  mm  niU  be  the  ktgariihm  of 
the  frequency  of  ihe  requited  note.  Thus  from  the  uiblc  bctow  we  see 
lhat  tlie  logaxithnu  corresponding  to  the  inten-al  of  a  fifth  is  a  1 7609.  1  f 
then  we  wish  lo  lind  the  frequency  of  a  note  niakin]^  a  lifih  with  one  of 
as6  vifaialiou^  wc  have,  if  j  i»  the  frequency  tequircJ, 

35S    3 
Or,  lakini;  k>)i;arilhmi, 

W  J--(teg  S-loB ')+*<« 'S* 
>ai7<OQ-t-i-4o834 
-«S«4»"»oe  084>. 

Thb  «nnple  win  moke  tbe  reason  foe  the  rate  dMr. 

Tbe  (ogaiidmu  of  the  varioui  iniervaU  arc  Kiven  m  the  liiH««i»|. 
laUo,  as  weB  aa  the  note  whkh,  togcthcf  with  the  lonu.  C,  wiH  p»e  the 

iBMTV«l---~ 
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V? 
D 

ns 
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Unnon   . 

Coannu  . 
Semttune  or  dioii 
LitnmA   . 
Mioor  ae<»nd 
Miiwr  lone 

Major  woMid  orma  i  or  i  mi« 
Au](incnteil  SMxma 
Minor  tliinl 
Ma/>r  (htnl    . 
Miaor  founh  . 
Augmented  third 
Pcncci  founh 
AuKRHTTiicd  fcMirth 
Minor  fifth 
I'cTfett  fifth    . 
Augmented  fifth 
Minor  sixth 
Ma^i  sixth 
Aug  men  led  sixth 
Minor  scvrnih 
Major  seventh 
Minoc  octave  . 
Augmented  seventh 
Octsve   . 


acoooo 
OlOoS4o 

(X03343 
ao4576 
aotii; 


Oua79i8 

OL09691 
1XI0711 
a  1 1461 
O.IJ494 
ai4i67 

0.17A09 
a  19381 
a:o4i> 
ai3i8s 

0.19073 


aO2J09 

I  ao$oi7 
'  CX07J36 
J    010034 

[     ftijoSJ 

oiirs^o 

^    0.30069 

o.ajs7; 

j  oj7S9f 
t     0.30103 


290.  Temperament.— In  music  it  is  often  nefcwarr  in  nsc  scftle* 
hainng  difTciCMI  tociici.  Suppose  then  ikc  re<lniro  to  form  a  »wilc  of 
which  the  lunic  has  a  fretiuenry  of  330,  f  j-.  ct>rrc3poiidi  to  the  /  of  the 
(Cale.  We  are  at  once  ii>et  irilh  the  diflicult)-  ihnl  the  nole-i  of  the  old 
•csle  will  not  til  into  the  nc<>-  Male.  Kor  iiiitiinre,  tlie  interval  hctirccn 
/  and  /*  in  the  aU  scale  is  f  J,  while  the  inien'nl  bciirrcn  ifac  tonic  and 
iht  itexl  note  above  oU);hi  ti>  be  J. 

Tlie  uine  diilkull)'  remains  even  if  vc  ileal  uitb  ilw  nMir  exlciKled 
Kale  m  whith  each  duIc  is  Uiarpcned  and  lUltcneil,  for,  as  is  slio«*n  by 
the;  labtc  of  the  h>|^rilhms  of  the  intervals  given  abm-c,  the  iharp  of  ooc 
tintv  doc*  not  ncccMarily  have  the  same  frequency  as  ihc  flat  of  the  note 
alsnc  We  thda  aec  that  the  notes  belonging  10  anjr  giren  key  «>ll  not 
serve  as  c«Misectiti\'«  notes  in  any  other  key.  Of  course  this  would,  in 
the  case  ttt  an  instrument  uich  as  the  piann^  in  which  ilie  pitch  of  the 
vations  notes  is  fixed,  n-ntlrr  it  pmctiodly  impOMiblc  to  armnt.'e  (or  more 
Omn  Oi»e  key.  Hcnc«.  in  t>nicr  to  be  able  to  m*  llie  ume  seri**  of  notes 
far  imiMC  writlen  in  dilTctcni  key^  lite  relative  frequencies  of  the  %'aiious 


note*  An  in  pnctice  »o  altered  that  the  doim  belonging  to  tli«  Kale  m 
nn)'  one  key  may  be  usctl  fur  the  tcaie  in  any  other  key,  uithaut  any  of 
ihcni  AWtring  from  ibc  true  scale  by  moic  ilun  ilo  the  notes  of  the 
i>ni;ina]  scale     Thii  proceu  ofadjuEiing  the  notes  of  the  »cjtk  b  (allecl 

There  are  two  metltods  oi  tctnperuinetii  in  comman  ute.  In  the  one 
t^  the  more  oonKMianI  tnlen*ali,  such  a»  llic  fifth,  arc  kept  acciiraie,  and 
llic  crmni  <)uc  to  Icinjicrampnl  nrc  vpiud  over  the  renuiinin^  intervals  ; 
this  method  i«  called  iinr^iii^l  tmipcramcnL  In  the  other  method  (be 
Interval  of  the  ocia^'c  is  fcopc  cornKt,  *nd  the  cnrors  arc  spre.id  equally 
over  tbe  rcnuiiiinj;  inicr^ali ;  thn  is  called  equal  lenipetament,  and  b 
ibai  onulty  adopted  in  the  ptano, 

Tbe  interval  ol  a  major  tone  is  eqnn!  to  |  or  i.ia;;  that  of  a  minor 
lone  ii equal  to  V*  *>r  i.iii  ;  and  that  of  n  limma  h  equal  to  \f  at  1.067. 
tlen<«  a  major  and  n  minor  innc  arc  ^-cry  nearly  ibe  same,  nhtle  eacb  of 
llieM  is  «-cry  nearly  equal  to  the  inlcn'al  of  (wo  limmasi  nitux  (wu  liinmoit 
a^  equal  «i(t1>*  or  ■■■3& 

In  order  to  obtain  an  equally  tempered  »cak,  the  above  apprnximaic 
\,  relations  arc  aiiumcd  to  lie  exactly  true,  (hat  is.  we  take  the  major  lone, 

the  minor  tone,  and  the  tn'o  limmas  ax  beini;  (be  same.   '1 

If  the  iiiicrfal  ofa  tempered  limma  is  called  4*,  then  there  will  be  twelve 
of  theie  liinmas  in  (he  octave,  and  »in<e  an  intcrt-al  ivf  twelve  Ummas 
»  eqitti  to  .t",  for  the  iniervit  between  tuw  notes  i*  equal  to  the  product 
of  the  intervals  between  tli«  intemtediaie  notes,  wbilc  the  ini<»va1  of  an 
octave  t*  3,  we  shall  luve  in  the  equally  tempered  scale 

or  4-=  3"  — 1.050. 

In  this  tempered  scale  the  limma  b  1.059,  instead  of  being  1.067,  u  >l 
b  in  the  tttie  ictit,  white  the  tempered  major  and  minor  lonei  are  each 
equal  to  I.I3J,  instead  of  beint;  l.li;  and  l.lll  respect itvly. 

In  the  foHmnng  table,  the  relative  frequencies  of  tka  note*  «q  the 
nanml  and  the  equally  tempered  icajc*  an  shown ; — 
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On  the  equ^y  tempered  scale  C^  attd  P?  are  tbe  ume  now*,  and 
thu  rdatinci  alw  botdt  with  regard  to  U;  and  E^,  F3  and  G>.  G2  awl 
A.>,  Aji  and  B>.  while  E^b  tbe  suae  as  F,  and  F?  »  the  suae  aa  E, 
ta  is  abe  ibe  case  far  SS  *»d  C*.  This  k  at  encv  evMrai,  for  the 
ioMfval  fton  C  M  D  b  oa  the  tempesed  scale  t.tis  or  {i.^^^*.  while  iha 
iuHnalbetwceaC  and  qfi*  1.059.  and  that  twtwrM  IV  aMi  Dbdto 
tja^    TVm  tetatioas  are  aba  ikaitf  aTi<«a«  fc«fn  the  hat  ceia^  cl 


the  table  on  page  38r,  where  bracket*  ^ow  tlui  various  inlcrvals  which 
ate  takvn  .is  ri\uA  on  ihe  equally  li-mpcrcd  scale- 

291.  Tones  — Harmonics  — Overtones.— When  .1  single  note  i» 
•ounded  on  manx  t''"'!^  of  musical  inst  rumen  is,  a  pr.irused  car  can 
dcteci  ihal,  in  addition  10  tlic  note  the  frec|ticncy  of  uhich  correspouils 
'10  ih*  note  sounded,  ihcrc  arc  picsent  nutcs  coirrspondini;  to  other 
freqntacies  though  these  arc  very  muth  less  intense  than  the  principal 
Arte.  A  note  which  ihe  ear  cannot  break  up  in  this  niannei  it  called  x 
/oiw.  Thiu  rousical  notci  ate  in  general  composed  of  tones,  the  pitch 
of  ihc  tiote  licing  ihAt  corrctponding  to  l)ic  lowest  tone  it  containa. 

If />  I*  Ihc  frequency  of  a  tone,  then  the  tones  of  which  the  frequencies 
Arc  J«.  yt,  in,  *:<-,  ate  called  the  /larjn.miet  of  tlic  tone  n,  and  Ihin  lone 
is  called  iht /untiimaiM. 

The  tones  which  go  to  build  up  »  note  arc  not  necessarily  the  hsr- 
tnonic*  of  llie  lowest  tone,  so,  for  didinciion,  they  arc  called  the  tnifrtimes 
ttt  Mpptr p^Hials  of  the  fundamental. 

In  the  c-vip  of  tones  the  vibrations  of  tlie  sounding  body,  as  well  as 
(he  waiet  produced  in  the  air,  arc  simple  harmonic  vibrations  ;  and  it  » 
from  this  fact,  iirxi  discovered  by  Ohm,  that  the  name  harmonic  vibration 
is  derived. 

29!*.  Tho  M^Jor  and  Minor  Chords.— Three  noirs  which  when 
sounded  ioi[cthcr  fiirm  a  conxm.-inl  conibmation.  are  called  a  chord  or 
tiiad.  Three  notes,  of  which  the  frc<iiicncie*  are  as  4:5;?),  constitute 
■rhat  t*  called  a  major  (Iwrii  or  triad.  Thus  the  notes  C.E,G,  C,B,^, 
and  K,A,^  each  form  a  major  chord.  Any  one  of  the  noici  in  a  major 
clwinl  may  be  replaced  by  its  octave,  or  accompanied  by  its  octave,  with- 
out dcstroyinit  the  characteristic  consonant  character  of  the  combinatiixi. 

If  ihefrctiucncicsof  three  ootts  arc  as  10:  t2  :  i;,  the  consonance  is 
not  qtute  ao  complete  as  with  the  major  <Jionl,  and  tho  combination  » 
called  a  minor  chord.  The  notes  E,<;,I(  form  a  minor  cliord.  As  in 
the  ca»e  o(  the  major  chord,  any  note  may  be  replaced  or  accompanied 
by  its  octave. 

The  scale  with  which  we  have  dealt  in  %  389  is  called  the  najor 
scale,  and  the  followinir  scheme  shows  the  major  and  minor  chords 
which  can  be  formed  »iih  the  tones  wliich  constitute  the  scale  : — 

major     major     major 

V^l^r^t      g     *     f 

minor     minor. 

I  The  ve<f»mce  at  notes  shown  in  the  fbUowing  scheme  it  called  the 

[  miiwr  scale  : — 

major     major 

V  fi&    e     a     g    ^  d 

minor     minor     minor. 
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CHAPTER   IV 
RBFtnCTlON,  REFRACTION,  AND  INT'ERFERENCB 

292.  Reflection  of  Sound.— W«  have  a  familiar  <:aH-  of  the  tvAx- 
linn  of  w.imliii  iheecho.  whldi  is  rlactathe  reflcrtHHiof  il>c  wiuodiiant 

hy  tame  Lirjje  vertical  tur&c«.  Mtcb  as  a 
cliff  «i  tlic  Mk  of  It  boiiitc 

The  (t^!*oijon  of  Miuni]  may  al«o  be 
iJiAwn  by  meniu  tif  wcmt  n  called  4  srniilire 
lUiiK,  whW-h  coRiitn  of  a  gas  flante  pto 
(iiicrd  hy  «  pin-hole  burner,  in  •Iiith  Uie 
prr^uiTc  of  the  nxt  hns  been  tncrenml  tiO 
the  fUme  is  on  ihc  poini  of  tbring.  Sodi  a 
diuue  fonos  a  t«r)'  Mnuiii-c  detecior  iif 
MHind-iKava,  partictiUri]'  ihtne  nf  a  very 
hi){h  pitch.  The  fomt  of  ibe  f\»ntr  wtten 
unaflccicd  is  sbftwn  al  B  (Fig.  jj^i,  while, 
when  a  vnund  of  guiubic  pitch  h  produced, 
\\k-  iIdhk  flam  nixl  tlioneits  into  the  sliape 
fliuwn  at  A.  Tbc  lensititc  flain«  11  pJoceil 
M  \  (KiB-  ijsj,  In  fnmt  of  a  lule  cii,  anJ  a 
ohrslk  B  is  plac^il  uppoute  llic  cml  of 
.1U(>lli4:r  lube  KP,  while  a  icrccn  is  pbon] 
At (iH.Hi  afi  Inicrccn  uflTllK  dircri  lutiim  oT 
the  whiitte  an  thr  fUme.  The  ptrs^un  of 
■he  fpi\  h  niljtititni  till  the  flume  Just  docs 
not  ll.uc  w'hrn  no  reflwtor  t*  pbrrd  at  I ;  it 
uill  then  he  fot&id  Uui,  on  plAcinn  a  tc4I«ci- 
>ii^  surfiice  nt  I  in  wch  a  way  ax  in  be 
CijUiiliy  inclined  to  iba  axet  oS  iJic  two  lubn, 
the  Aaine  tmnusliately  br^-ini  to  llarc,  and 
cantiniwri  to  dn  so  a*  lonx  lu  ihc  rellectiim 
Mirfacc  tcm.-iinij  in  posit  inn. 

The  diirciion  in  which  the  tound-navc 
ptxiccvd»  after  reAection  can  be  abiiiinr<}  in 
t;u[ily  ibc  ume^njr  u  tlut  adopted  in 
I  374 ;  and,  a*  ibrrr,  it  will  bo  found  Uut  yie  angle  of  indttcnce  \* 
alraf«  niiial  in  lln^  nn(;!c  -f  icfl(.i;li(in]}  This  fact  is  alio  p<o\'ed  by 
the  upciiuKrni  dcMiibcd  above,  fur  it  »  only  when  ibc  nonnal  to  ilte 
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reflector  1  bisects  the  angle  between  the  aies  of  the  tubes  that  the  flame 
flares  ;  and  when  the  nonnal  bisects  this  angle,  the  angle  of  reflection  is 
equal  to  the  angle  of  incidence. 

Use  is  made  of  the  reflection  of  sound  in  several  well-known  instru- 
ments. Thus  in  the  ear-trumpet,  the  sound-waves  that  are  caught  by 
the  bcll-shaped  mouth  are  reflected  from  the  sides  of  the  trumpet,  and 
the  cross  section  of  the 
wave-front  is  decreased  up 
to  the  ear-end.  Thus  the 
amplitude  of  the  sound- 
waves increases  as  the 
cross  section  of  the  air  in 
which  they  take  place  is 
decreased,  and  the  ampli- 
tude of  the  waves  when 
they  strike  the  ear  is  much 
greater  than  if  this  con- 
centration did  not  take 
place. 

The  sounding  -  board 
placed  over  the  bead  of  the 
speaker  in  targe  halls  is 
another  application  of  the  reflection  of  sound.  It  consists  of  a  reflecting 
surface  placed  so  as  to  reflect  those  sound-waves  that  strike  it  down 
towards  the  audience.  Hence  the  waves,  that  would  otherwise  spread 
up  to  the  roof  and  be  irregularly  reflected  there,  are  directed  downwards, 
and  assist  in  making  the  speaker  audible. 

In  the  case  of  speaking-tubes,  the  sound-waves,  instead  of  spreading 
out  in  spheres,  as  they  would  do  in  the  open  air,  arc,  by  reflection  at  the 
sides  of  the  tube,  confined  within  the  tube,  so  that  tliey  travel  forward 
with  comparatively  small  decrease  in  amplitude,  the  wave-front  remain- 
ing of  the  same  cross  section  throughout.  A  siini'ar  effect  is  produced 
when  a  watch  is  held  against  one  end  of  a  Icing  wo<idcn  nxi,  and  the 
car  is  held  against  the  other  end.  The  ticking  of  the  watch  can  be 
heard  almost  as  clc;irly  as  if  it  were  held  close  to  the  ear.  The  reason  is 
that  the  sound-waves  in  the  wood,  when  they  reach  the  bounding  surface 
between  wood  and  air,  are  almost  entirely  reflected,  an<l  thus  the  wave 
proceeds  down  the  n>d  without  much  of  the  energj'  escaping  into  the 
surroun<ling  air. 

The  difficulty  of  hearing  sounds  at  a  distance  on  certain  days  is 
supposed  to  be  due  to  the  fact  that  on  such  acouMirally  opacjuc  days 
there  esisl  columns  and  layers  of  air  at  diflercnt  temperatures,  and  that 
the  sountl-wa^■cs  get  partly  reflected  at  each  passage  from  air  at  one 
temperature  to  air  at  another.  Such  reflectiou  must  occur,  for  the  velocity 
with  which  the  sound-waics  travel  will  be  different  if  ibc  temperature  of 
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ibe  air  is  dtllereiit,  and  whenwer  a  wo«  pasiet  from  one  medium  lo 
anoilier,  in  which  it  mm-es  wilh  a  different  i^locily.  it  is  partly  i«Hcct«d 
at  the  boundjiry  between  the  two  media. 

293.  RerraedOR  of  Sound.— When  a  sound-wave  passes  from  one 
medium  to  anothcc,  ihc  din:ction  in  which  the  sound-wave  is  tra»-eIUiiK  is 
in  genefal  alleted,  and  is  said  to  be  tefracled.  The  laws  which  govern 
the  refraction  of  sound  are  the  same  as  those  in  the  case  of  light  (see 
§  34:).  In  the  case  of  sounil,  however,  it  Is  difficult  lo  obtain  quanti- 
tative results.  The  fact  ihai  sound  ran  be  refracted  may,  however,  be 
shown  by  having  a  lens-shaped  india-rubber  bag  tilled  with  a  fraK  other 
than  air.  If  the  Icna  is  convex  (^  348)  and  is  filled  with  rarbnn  dioxide, 
a  gas  in  which  sound  travels  witb  n  smaller  vclority  than  in  air,  the 
sound-waves  will  be  brought  to  a  focus,  so  lliat  by  plating  a  whistle  at 
one  side  and  a  sensitive  llsmc  at  the  other,  il  will  be  possible  to  arrange 
mallcn  so  that  the  flame  docs  not  flatc  when  the  lens  is  not  interposed, 
but  does  when  the  lens  focu«cs  the  waves  on  the  flame.  If  the  lens  is 
filled  with  hydrogen,  a  gas  in  which  sound  travels  mare  rapidly  than  in 
air,  then  the  convex  lens  will  act  as  a  divctglng  lens  (g  34S),  and  a 
iiomcwliai  similar  experiment  can  be  perfonned  in  which  the  flame  Aarrs 
without  the  lens,  but,  uwiu);  to  the  spteading  of  the  sound-waves  by  tlie 
Lena,  does  not  do  so  when  the  lens  is  interposed. 

Sound-waves  arc  often  refracted  on  account  of  the  motion  of  the 
wind.  Thus  suppose  we  have  a  plane  sound-wave,  in  which  the  wave- 
front  is  a  vertical  plane,  moving  against  the  wind.  Near  the  surface  of 
the  earth  the  velocity  of  the  wind  is  in  j;enrfal  less  than  at  some  <listBncc 
above  llic  surTace.  Now  the  sound-w.ive  will  ii.ivcl  at  the  same  s|>eed 
ihrotigh  the  air,  hut,  owinj;  to  the  contrary  motion  of  the  air,  the  distance 
moved  through  by  the  wave-front  relative  to  the  earth  will  be  greater 
near  the  surface  of  the  earth  than  higher  up.  The  wave-front  will 
therefore  become  inclined,  llic  top  tagging  behind  llic  bottom,  and.  since 
llie  motion  of  Ibe  wave  is  at  right  angles  to  the  wave-front,  tlie  direction 
of  motion  of  the  wave,  instead  of  being  parallel  lo  the  surface,  will  be 
inclined  upwards.  Thus  the  sound-waves  in.ty  pass  over  the  head  of  an 
observer  who  is  on  the  windward  side  of  the  place  where  the  sounds 
otigfinate.  When  the  sound  is  travelling  with  the  wind  the  opposite 
etTect  is  pioduced,  ihc  waves  being  refracted  downwards.  Tins  cflecl 
partly  accounts  for  the  greater  distance  sounds  can  be  heard  when  the 
sound  is  moving  with  the  wind,  than  when  the  sound  is  moving  against 
the  wind. 

Another  cause  of  the  refraction  of  sound-waves  is  the  unequal  healin;,' 
of  the  various  strata  of  air.  In  general  during  llie  day  the  air  near  the 
ground  is  hottest-  As  sound  tr.-ivels  quicker  in  hut  than  in  cold  air,  the 
result  is  that  the  waves  gel  refracted  upwards. 

294.  Int«rfet%ftoe  of  Sound-Waves.— The  fact  that  soimd-waves 
can  interfere  may  be  easily  shown,  and  the  wave-length  of  (he  DOW  uaed 


laea^urtd  (only  roughly  ii  is  iruc)  by  mcartfi  of  Itie  Insinimcni  ^hown  in 
Kciion  in  Fi),'.  3  j6.  A  wlustle  or  reed  \%  souiidctl  at  a,  and  ihc  sound -waves 
on  T«ach  Uie  sensiiive 
flame  pluced  at  F  by  the 
two  tubes  ABC  and  ADC. 
If  theie  two  pnihx  arc 
of  equal  lengtlt,  then  the 
waves  (hat  reach  c  after 
invdlint;  by  the  two 
tabu  witi  be  in  the  same 
phase,  and  bcnce  ihcy 
will  strengthen  one  an- 
other. One  lube,  !>,  can 
he  lcn)(ihcned,nnd  hence 
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lite  path  whkh  tlie  &ound  has  to  traverse  can  be  made  tonf;er  in  this 
tube  than  ibe  olber.  If  the  tube  is  }>r.idu;illy  pulled  out,  a  position  such 
as  D'  can  be  obtained,  for  which  tbc  waves  thut  travel  by  the  two  paths 
an  in  oppo«ite  pba«c  when  they  reach  c,  and  hence  they  interfere,  v> 
dial  ibc  flame  is  luutfTecied  ahhough  the  whistle  is  smindin^  as  sironKly 
U  before.  When  this  occurs  ihc  path  AI>'C-  traversed  by  one  wave  is 
longer  than  the  path  KVK.  ttavened  by  the  other  bj-  half  a  wai-e-lenj^lh, 
to  Ibai  wbcn  a  creit  reaches  c  r/<t  B,  the  preceding  trough  which  has 
iiaTclled  via  ii'  has  only  juH  reached  C,  and  these  two  ncuirtilisc  one 
anotber,  m>  that  the  air  at  c  is  imdistutl>ed. 

If  the  lube  P  is  pulled  fuitber  out.  the  paths  differ  by  more  than  half 
a  wave- lengtK  and  hence  the  m-o  set*  of  waves 
cotninence  lo  strengthen  one  another  a^in, 
till  wben  tbe  lube  is  pulled  out  to  It",  and  the 
difTcrence  between  the  path*  amounts  to  a 
whole  wave-length,  the  llame  is  almost  a» 
Miongly  aflerted  as  it  was  at  first,  when  the 
paths  were  of  e<]ua1  length,  The  diflerence 
between  the  Icngtln  of  the  two  tubct  when 
interference  occurs  is  c(|iinl  to  half  the  wave- 
Icaitlh  of  the  note  used. 

The  inierference  of  wHind-waves  is  also 
very  deartythowninlhecaseofihe  waves  pro- 
doced  in  ait  by  a  luningf-foik  As  n-e  sliall  see 
btier,  the  extremities  o^T  the  two  ptonK<^  ihnwn 
in  section  at  A  and  ti  :  Kig.  137)  vibrate  in  such 
a  way  tliat  they  move  alternately  away  from 
and  towards  each  other.  As  a  result,  while 
Ihey  produce  a  coiwIensatMn  in  the  air  Iictwcen. 
ihry  produce  a  mrefaction  in  the  air  towards 
B  and  F,  and  vU*  wna.     Hence  each  prong  staiu  two  wts  cf 
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these  waves  a.n  in  opposite  phase  on  the  two  sides,  so  ibit  thr>'  inieriere 
along  the  ^mtUvx*  ii\s  uiid  m'iik'.  This  inicrfercnce  c^a  be  v«r}-  duitly 
dislmRiiishMl  by  iioundlii};  a  fork  and  thtn  turaing  it  slowly  when  held 
near  ihe  car.  When  the  ear  is  in  either  of  ihe  pusitions  E,  K,  G,  or  H,  the 
fork  will  be  heard  distinctly,  while  when  the  eiir  ii  oa  either  of  the 
curves  MAN  or  m'bn'  no  sound  will  be  hciird 

295.  StaUonarr  Waves  formed  by  RefiectlOD  in  Free  Air.— When 
H  shrill  whistle  or  &  bird-call  P  (Fig.  138)  is  sounded  in  front  of  A  re- 
A  fleeting    surface   Alt,   the    sound- 

waves which  fall  on  the  surface 
nre    rcftecied.  and   the  nrflccted 

Pand  incident  wave*  interfere. 
Then,  ai  m  the  case  of  the  water- 
waves  dealt  with  in  §  27J,  there 
will  be  interference  at  the  points 
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Nj,  Ac.,  when  the  disunte 


MN,,  M\],  &c^  Are  equal  toi 
A/l,  A,  3X/3,  &C.,  respect! vcl)-.  If  then  a  sensitive  flame  is  moved  , 
along  the  normal  pm,  it  will  not  flute  when  it  is  at  cither  of  the  nodes 
N),  Nj.  Kp  &c.  Hence,  since  the  distance  between  each  of  these  points 
is  equal  to  half  the  wave-lcuglh  (X),  by  noiinj;  the  positions  of  the  llame 
when  it  docs  not  flaie  we  may  dctcnnine  ihc  wave-lcnglh  of  the  note 
given  by  the  whistle,  and  from  the  wave-length,  knowing  the  t-elodty  of 
sound  in  air,  cakuUle  the  frequency  of  ihc  ooie.  As  a  sensitive  flaine 
will  deieci  tlic  presence  of  sound-wa»'e»  of  frequency  too  great  to  l>c 
heard  hy  ihi^  ear,  this  method  allows  the  fivquency  of  such  inaudible 
sounds  being  determined. 

296.  DoppIer'S  PHnoiple.  -Suppose  that  ai  a  point  a  there  is  a  body 
which  is  cniilting  a  note,  of  which  the  ficqucni_y  is  n.  Owing  10  the 
arliim  of  the  sounding  boily  there  will  be  a  succession  of  waves  produced 
in  the  surrounding  air,  and  the  frequency  of  theic  waves  will  also  be  n. 
Hence,  if  an  observer  is  at  a  point  B,  h  waves  will  reach  his  ear  in  CAcli 
second,  :ind  he  will  bear  a  note  nf  pilch  w.  Now  suppose  the  observer 
approaches  the  sounding  body,  ihcn  in  each  second  he  will  now  receive 
more  ihan  »  waves,  for  in  nddiiion  to  the  u  wnves  which  would  reiach  hi» 
ear,  suppose  he  had  been  stationary,  lie  will  have  inei  a  certain  number 
of  wiivcs  in  c.nh  second,  for  at  the  end  of  Ihe  sccund  he  is  neater  the 
sounding  body  than  he  was  at  the  comracntement,  and  his  car  will  have 
received  the  waves  which,  at  the  conimen cement  of  the  second,  occupieil 
this  space.  The  result  is  that  as  he  now  receives  more  than  m  waves 
per  second,  the  pitch  of  ihc  note  he  heats  will  be  higher  than  n.  If, 
instead  of  approaching  the  sounding  body,  hi-  moves  away  from  il,  then 
in  ihe  same  way  ilie  pilch  of  the  noic  heard  will  appear  lower  ilian  n. 
If  the  obsen-er  remains  at  rcsi.  but  ibc  sounding  bo<iy  approaches,  then 
the  effect  u-ill  be  the  same  as  if  ihc  observer  approached  a 
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sounding  body,  and  ibe  nol«  h<-jinl  will  be  of  a  higher  pitch  ihan  that 
praduccil  by  ibe  bodjr ;  while  if  ibe  sounding  body  is  leceding.  the  note 
heard  win  be  lower. 

This  apparent  change  of  pitch,  owinK  to  the  re1aii»-e  tnotion  of  the 
MUDdiag  body  aad  (be  ob»ervci,  is  called  the  Dnpplcr  ctTcri,  and  ihc  ex- 
phuMtion  which  we  have  (pven  is  cailrd  l)ie  Doppler  ptincipl«. 

The  Doppler  eflect  can  often  be  obwrvcd  tn  the  caw  of  ibc  note  given 
by  it  iiesiD' whistle  suundinji  on  an  (^njcinc  which  is  parsing  through  a 
alaliun  al  a  rapid  rate.  The  nolc  heard  when  the  engines  is  apprDachin^; 
the  oliserwr  is  very  markedly  of  a  higher  pilch  ihan  Ihal  Iirard  when  the 
engine  has  passed  and  is  imvclling  away  from  the  o1»crver. 

The  change  in  pitch  prodiiceil  by  the  iietaiirc  nwtion  of  ihc  observer 
and  U3unding  body  can  readily  be  calculated.  Suppose  lliat  tlie  sounding 
body  ha»  a  frequency  of  n  ribratioRK  per  second,  and  that  the  observer  is 
approaching  it  with  a  ixlociiy  >',  the  velocity  o(  the  sound  being  I'.  If 
the  obien-cr  were  at  rest,  he  would  receive  «  u'avcs  per  second  If  X  is 
the  >^^T-lengih  ofthc  »oun<t.  then  in  a  space  v  there  will  be  r.'X  waves. 
HciKc,  sin<"e  the  obwrver  traverses  a  space  v  in  one  second,  his  car  will 
pck  upt  owiog  to  liis  motion  alone,  I't'^  waves,  so  that  the  loinl  number  of 
w»vet  received  in  a  second  will  be  w+c'^.  But  l'=nX  (S  267),  so  lliat 
the  pitch  of  the  note  heard  i*  ir  (-iw'C,  or  «(t +!-! C).  If  tile  observer 
bad  been  tra^xllin^;  away  from  (he  sounding  body,  then  in  eacb  second 
his  ear  woukt  have  foiled  to  pick  up  t'/X  waves,  and  the  pitch  of  ibe  note 
heard  would  be  «/(i  -t'/f). 

We  may  arri»-e  al  the  same  result  b)-  a  rather  difTereni  incihod  of 
argument,  which  is  instructive  from  its  bearing  on  sonie  other  problems. 

Supptisc  o,,  n^  a^  &c  (Fig.  339),  lo  be  the  position*  of  the  Miunding 
body  at  the  times  «,  t,  ■si,  3/,  $c  Then  if,  as  before,  V  is  tbc  velocity  of 
sound,  and  wc  describe  a  circle  with  (t,  as  centre,  and  radius  ilV\  this 
circle  will  represent  the  wave-surface  at  a  lime  4/  for  a  disturbance  which 
was  caused  at  the  time  i^  when  the  viuuding  body  was  at  O,.  In  the 
same  way  if.  with  o^  Oj,  o,  as  centres,  circles  are  described  of  radii 
yC,  l/I'and  IV  respectively,  these  will  each  represent  the  )iositions  of 
the  wave-surfaces  at  the  time  4/.  that  [^  when  the  smmding  body  is  at  Op 
due  to  the  ditiuibanccs  )>Toduced  when  the  sounding  body  was  at  the 
points  O,  r>p  and  o,  respectively.  The  I'lgure  very  clearly  shows  the 
crowding  together  of  tltc  wuvci  on  one  side,  correspoiuling  lo  a  rise  in 
pitch,  and  (be  spreading  out  in  another  direction,  corresponding  to  a  fall 
m  pilcb.  The  figure  is  drawn  for  the  case  where  the  velocity  of  the 
•oonding  body  is  test  than  that  of  the  sound,  the  corresponding  figure 
for  the  case  wbcre  v  is  greater  than  V  is  sliown  in  Fig.  ajo*.  The  funda- 
mental difference  between  the  t«v  caacs  b  that  when  the  velocity  of  the 
totlBdtng  body  is  less  than  that  of  sound,  the  wave-surface  correspond-^ 
big  to  the  dtsiorbaiMrc  that  starts  at  any  given  time  lie*  entirely  outs 
all  the  wavc-sutfiiccs  corresponding  to  distutbaiKcs  that  siail  at 
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subsequent  limct,  while  in  the  other  c»«e  ihc  whole  or  part  o(  the  wave- 
«urfiK«  corresponding  to  subsequent  distuibancc^  liei  uutude.      Tliu* 


FlO.  139. 

when  the  velocity  of  the  sounding  body  is  greater  than  the  velodTy  or 
Mund,  a  lAngeni  can  be  drawn  to  Ihc  wave-surfaccK  HI  nny  given  instant. 
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Since  (here  are  an  inlinitc  nuinber  of  wai-e-surftice*  iniermediatc  to  those 
ihown  in  the  ligure,  and  all  these  wavc-sutfaces  wiU  have  the  same  Ian- 
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gents,  and  thai,  juti  at  in  the  ca«c  conKnlerccl  in  \  373,  th«te  waves 
will  MTcngihcn  wii-h  nihcr  along  these  tangents  but  will  interfere  at  all 
othrr  points,  two  pliinc  waves  inclined  al  a  lOiisiant  angle  ivill  be  pro- 
duced Since  llie  mot  ing  body  will  reach  tlie  point  O,  al  the  same 
iiutani  lliat  the  4ound-u*m-e  rc3ch»  llic  point  B,  it  follows  Ihal  if  ft  is  the 
angle  made  by  the  wace-fronl  ROj  with  (he  direction  of  motion  of  the 
soandiitK  body,  then 
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Henc«  the  greater  ihe  velocity  v  of  the  sounding  body,  the  smaller  the 
angle  intiudcci  between  the  n-ai-c- fronts.  If  we  can  measure  this  anf;te 
and  know  cither  the  velocity  of  the  moving  body  or  that  of  sound,  then 
the  velocity  of  mhiikI,  or  of  the  moving 
body,  a*  the  caie  may  be,  can  bo  cnl- 
culaud 

A  ^miliar  example  of  this  phenotnc- 
non,  in  tlie  ease  of  waler-wavci,  is  the 
bo»~wavc,  produced  when  a  Imal  moves  i  •■^'■\ 
through  ttill  iratcr.  Since  the  condition 
for  llie  produclion  of  these  uave^  h  that 
the  drslurbing  or  bounding  body  must 
move  faster  than  the  wmes  themselves 
travel,  it  followrf^  that  in  the  case  of 
eotmd-wavM  tlie  velocity  imisi  exceed 
■bout  3J3  metrei,  or  1000  feet  per  second.  In  Fig.  3il  the  tonn  of 
tbe  wave  produced  in  air  by  a  tille  bullet  is  shown,  as  obtained  in  the 
photngiaphs  taken  by  Prof.  C.  V.  Uoyt. 
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CHAPTER   V 

VIBKATtONS  OP  STRINGS,  RODS,  PLATRS,  JtVD 
COLUMNS  OP  GAS 

297.  Vibrations  of  Strings. -IV.r  our  purpose  we  ihalliakc  a  siring 
to  be  ii  pcrfcLily  rif'iiblc,  uiiifiiriii  (iisiijienl  of  matter,  slri-tcliing  bolwceii 
livopoims.  Any  rc.il  itTiii^  nil!,  of  course,  posscvt  rigidity  i  sinte,  liow- 
excr,  by  taking  a  slimy  of  which  the  tliiuneiei  is  very  small  compared 
wiili  tlie  length,  the  effecis  of  rigidity  are  very  nnirti,  the  em>n  thus 
iolriKludcil  will  not  be  great. 

Strings  can  vibrate  in  two  disiinci  manners,  af  coitiini;  as  ihc  vibriL' 
lions  of  the  p.iniclca  whicli  romi«isir  the  string  »rc  longitudinal  or 
transverse.  We  shall  at  present  conlmc  ourselves  to  transverst  vibra- 
lions.  postponing  the  consideration  of  longitudinal  ^braiJons  till  we  .ite 
dealing  with  the  vibrations  of  rodi. 

I'ransvcrse  vibraliuni  may  be  produced  in  sitings  tnr  plurking,  as  in 
■be  case  of  a  guimr,  bowing,  as  in  the  violin,  or  strikinjj,  as  in  the  case  of 
the  piano. 

The  instrument  usually  cmployod  for  (he  study  of  tho  iransver^c 
vibrslion  of  strings  is  shown  in  Fig.  342,  and  a  catted  a  monochord  or 
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sonometer.  It  consists  of  a  sounding-box,  acrosc  the  top  of  which  a 
string  is  sltelrhed  by  ionic  weights  I'.  In  addition  to  the  fixed  bridges, 
A  and  l>,  theic  is  a  movable  bridge,  li,  by  mcani  of  which  the  length  of 
the  portion  of  the  «ring  which  input  in  vibration  can  be  alicrrd. 
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If  a.  Mrelchod  siring  i)  Struck  or  o(li«rwisc  dbioned  and  then  let  go, 
ihe  vdocii)'  willi  which  the  «-ave  wt  up  travels  along  the  string  Is  given 
by  the  expression  (§  176)— 


in  which  T  i>  the  stretching  force  in  dynes  and  m  is  ihe  nuss  of  one 
ccniimcire  of  Ibc  string  in  grams. 

If  a  w«»-c  travelling  .nlong  n  string  AB  (Kig.  143]  rcncli  a  point  B, 
nhere  the  string  is  fixed,  there  will  !«  teflection, 

ThiT<;  i»  a  liifTerencc  between  the  reflection  in  ihi^  case  anil  that 
which  occurs  when  a  w.ilcr-wnve  or  sounil-wnvc  in  air  ix  reflected  from  a 
Hilid  obstacle.  In  the  CJise  of  the  waCcr-wavc,  when  a  crest  teaches  the 
nllecior  i(  is  reflected  a*  a  creM,  while  when  a  trouj^h  leaclici  the 

le  \  irmigh  is  icrtecled.     In  the 
oiw  of  3i  cresi    travelling  nliMig  3  ** 

stretched  string  and  reaching  the 
j(xc./  end  of  the  Mring,  it  i.s  not  re- 
flected a*  a  dcst  but  aa  a  trough. 
Tliua  if  A  (Kig.  =43)  reprcientx  a 
Irann-crae  ware  travelling  up  in  lliC 
filed  end  R  of  t)i«  siring,  then  after 
rrileciiun  the  form  of  the  «-ave  ia  that 
»hoii-n  at  C.  The  easievt  way  of  seeing  why  this  should  be.,  is  to  tiippoie 
thai  the  incident  wave  which  moves  up  10  ihc  fivrd  end  11  of  ihe  cord 
(Fig.  344)  U  not  reflected,  but  movca  00  pasi  K  along  an  ininginarj-  con- 
tinuation, BC,  of  ihe  coril,  and  ihni  iW  corresponding  iirflecied  wave  b 
supposed  to  move  on  to  the  real  part,  HA,  of  the  corti  from  the  imaginary 
pi*n  cii.  Now  ii  is  evident  i)iat  the  condition  which  the  rcdected  wave 
li;ts  10  ful&l  is,  since  the  point  8  on  the  string  is  held  fixed,  that  the 
algebraical  sum  of  the  diiplacemenli  at  the  point  B  on  the  string  due  to 
the  direct  and  reflected  waves  must  always  be  xero.  At  (n)  (Fig.  344) 
the  incident  wave  is  shown  ai  the  instant  when  it  lins  just  reached 
the  fi^ed  )ioini  n.  At  (#)  the  incident  wave,  as  shown  by  the  light 
continuous  line,  luis  panly  run-ed  on  to  the  imaginary  portion  of  the  cord, 
while  the  tellccied  wave,  as  sliown  by  the  dotted  curve,  has  patily  mm-ed 
on  to  llie  teat  part  of  tlie  cord.  Under  the  influence  of  the  direct  and 
Ihe  refleclcd  waves,  the  conl  takes  the  position  indicated  by  the  thicic 
tine.  1*be  sulisei|uent  stale  of  affnits  is  shown  al  (c),  (d),  (f),  &c-,  and 
finnlly  Al  if)  the  incident  wave  ha«  pnvied  wholly  on  to  the  imaginary 
n  of  t]>e  cord,  while  the  tcflecied  «a**e  consitis  of  a  wnic  OMW-ing  to 
B  right,  but  with  ll>c  dejiression  leading,  although  the  incident  trtw.  had 
ic  elevation  leading,  ^tis  change  in  ihe  condition  tA  the  vaie  due  to 
rrfleciion  Is  r4)uivaleni  to  a  loss  or  gain  of  phase  equal  to  half  a  wave- 
Iragih  at  ihe  point  of  reflection,  and  so  this  t>'pe  of  rellectioa  is  often 
rcfi^rTed  to  as  reflection  si->'M  change  of  sign. 
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[f  in  place  or  ft  Eingk  incidcni  wftve  w«  hnvc  a  train  of  wav»,  then, 
owing  (O  inTcrfcrcncc  bclwcpn  the  incidc-nt  and  rHiectcd  waves,  siaiionaiy 
waves  will  ln!  (onned.  The  point  of  rerti'ctioii  will  in  tliis  case,  however, 
be  n  node,  and  not  a.  loop,  a»  w;is  the  cate  wiili  the  water-waves  considered 
io  ii  ^7;-  fig'  32{t  will,  however,  apply  if  we  suppose  tlie  point  N|  to  )>e 
the  fiiwid  end  of  the  string. 


P 


^ 


Fig.  ^. 

There  will  be  a  seiies  of  nodes  at  distances  x/j  from  one  another,  and 
half-way  between  cuch  node  will  be  a  loop. 

Since  llie  node*  are  points  where  llic  Mnn^  is  pcnnanently  at  rest,  the 
Tibration*  will  not  be  affected  if  we  tlanip  the  string  at  any  of  llicae 
points,  in  vhicli  case  we  should  be  dealinji  with  the  vilnations  of  a  strin); 
held  at  each  end. 

U  the  second  fiKed  point  \%  plftc«d  at  ilie  first  node  from  the  fixed  end, 
■hen  the  siring  viH  l>c  vibr^iing  so  iu  lo  f\\t  the  lowest  lone  of  whkh 
it  is  capable,  or,  in  other  words,  will  be  giving  its  (undiiuiental.      If  /  is 

the  length  of  the  sirinK.wchftve/— A'|N,— -,     Now  if  «  is  the  frcquenc7 

of  the  siring,  n-c  have,  from  the  jccneral  equation  connedioK  m,  X,  and  v 
(see  §.67)-  ^__^^_ 
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Hence  (ram  cquaiian  (■)  above 


or,  subiitiuling  fof  X  in  terms  of  /, 


Tlii«  cxprcfunnn  may  \>e  written  in  a  slightly  ttiffcreni  form,  for  if  p  is 
ihr  density  of  ihc  maicriAl  uf  uhith  ihc  string  i»  cuni{>osci3,  nnd  r  h  ilic 
radius  of  the  ttrinj{,  iw^^irrV-     Hence 


or  ,      . 

wr'fi/.  ( 

Now  «r*p/  is  the  total  mass  of  the  slrinf;.  so  that  if  we  call  tliii  quantity 
.V,  the  formula  reduces  lo  ,    . 

In  addition  to  (he  funduniental  mode  of  vibration  con^idcml  -iIkmc, 
the  ating  can,  a*  »hawn  in  Tin.  245,  vibrate  in  sulIi  a  wuy  iliat  (here  aic 
I,  2.  3,  &c.,  points  »hirh 

M-';====^ ^^=?-P 


arc  pcrmnnenily  nl  ti'k( 
between  iIip  e-ntrcmc  points. 
The  points  H|,\pic., which 
are  perminenily  at  rest 
iluiin^  tlic  vibrations  are 
nodes,  while  (he  points 
marked  L,  at  which  the 
amplitude  ol  tbc  ribralions 
is  a  mjuimum,  are  loo})*. 

Since  if  (he  itrinjc  in  {I) 
(Tig.  245}  «*«>«  clamped  at 
N  the  t'ibtations  would  he 

unaflected. and  under  (hcsc  "I     /^\ 

drcumUani.'Cs  wc  jhould  be 

dealing  with    two   sirint;^  '^  **S- 

nch  of  whidi  had  a  Icnt-tli  //i,  we  set  (hat  the  fre<|ueiM:y  ot  iht  torn 
produced  under  ihue  conditions  will  be  obtained  In*  subMiiuiinjf  /'i  for 
/  ill  ilw  c(|Uji(kNi  (3),  since  the  tcnsioci,  T,  and  the  mau  per  unit  Icn);ih, 
m,  remain  the  laine.     Hence  (he  rreitiiency  m"  H  given  bf 


that  is,  (be  fre<|uency  is  double  what  it  was  in  ll»e  case  wl»en  the  string 
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w>B  vibrating  as  a  vhulc.  In  Xhn  n«y  it  will  be  seen  that,  if  n  is  Uie 
frequency  of  llic  fuiKluiiieiit:i!  tone  of  a  stiiaj,',  tlicn  ill*  overtone*  ha\-e 
tlie  frequenciei  in,  yt,  4»,  &c.  The  sirini;  <an  give,  ihercforrT  the 
kirmoiiies  of  ihr  fundamrni.il  lone. 

\VV.  have  sup[vn^J  aljovc  thai  the  «trini;  vibrates  In  only  one  of  the 
piiisiblc  w;iys  at  a  time;  "c  may,  however,  have  a  number  of  iheni 
<~<>c\i^imf,'.  »3  that  a  note  will  be  produced,  which  i»  built  up  of  ih«  tune 
and  tertain  of  llif  ovt-rioiiw. 

Thus,  if  the  siring  is  |>Iin-fccd  ai  a  (hirU  of  Its  ten^th  from  either  end 
Ihe  first  overtone  will  lie  particularly  noiiccablc,  ;in<l  tan  be  rendered 
even  more  evident  if  the  fundamental  note  it  dam|K:d  out  by  liifhll)' 
toiichiiii;  the  string  at  its  miiidlc  point  with  a  feather  or  piece  of  paper, 
when  the  octave  of  the  fuiidamciUAl,  which  coricspondt  (o  the  fmi 
oicrlone,  will  be  heard  very  ckaily. 

298.  Helde's  Expei^ment.— A  %'cry  convenient  way  of  showing  the 
laws  which  KOTcni  the  vibrailoiis  ol  brings  is  that  due  to  Meldc,    A 

string  Alt  (Fig.  nb)  i»  llted  at 
one  end  to  the  prong  of  a  \»Tge 
tuning-fork,  while  the  oiher  end 
passes  over  a  pulley  and  has  a 
Hinall  scale-pan  r  attached,  by 
pulling  aeigbis  in  uhidi  the 
icTiiion  on  the  string  tan  he 
varied  at  will.  If  the  fork  is 
plarcd  in  the  piisitimi  shown  in 
the  fijjmc,  then  when  ihf  prong 
F  moves  towauls  \  ihc  string  will 
be  allowed  to  sag.  As  the  i>rong 
moves  back  the  string  Is  tightened, 
being  horiiontal  when  the  prong  is  furthest  from  A.  Wlien  ibc  prong 
moves  back  towards  A  the  string  does  not  again  sag,  bul,  owing  ta  iis 
inertia  and  the  upward  motion  it  lias  atijuircd,  it  traxrls  up  abnve  the 
horiionial  position,  so  thai  it  is  in  its  extreme  upward  position  when  the 
prong  has  completed  one  whole  vibration,  from  the  lime  «hcn  the  string 
was  at  its  lowest.  Thus  ihe  fnr<|uenry  of  ihestrinj;  is  half  llial  of  the  fork- 
If  the  fork  is  turned  through  90',  so  that  the  movement  of  the  prong 
is  at  right  an^-les  to  the  string,  then  when  the  pion),'  moves  to  ilic  right 
the  cord  will  ulso  move  lu  the  righl,  wlien  the  prong  is  passing  through 
its  position  of  rest  the  string  will  also  be  passing  ibraugb  its  position  n( 
rest,  and  when  the  prong  is  at  its  extreme  left  elongation  so  ais(»  mill  be 
the  string.  The  siring  therefore  will  In  ihli  case  vibrate  In  unison  with 
the  fork.  In  order  10  obtain  a  considerable  movement  of  the  ilrinj;,  it 
IK  ncrcssaiy  thai  the  tension  should  be  adjuslcd  so  that  the  natural 
period  of  the  tiring  should  agree  with  the  period  of  the  vibrations 
impressed  on  it  by  ihe  fork. 
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^^P        If  the  furic  b  in  (be  potiiiion  tAown  in  Fig.  346,  ami  has  a  frequency 
^^  N,  then  when  Uie  tension  7',  of  the  siring  is  such  thai 
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the  vibratiotix  >ci  up  in  the  siring  will  be  most  ener|[rti<:,  the  tifin^' 
vibralinic  in  iti  fundamental  mode.  As  the  tension  'w  dccrca^cii  the 
Aini^tude  of  the  vihrations  will  decrease,  hut  when  the  tension  tmchet 
ttie  value  T,  given  by  the  equation 


iA'= 


fc\/« 


iih 


the  airini;  will  again  vibrate  utrongly,  but  now  with  a  node  in  the  middle. 
By  fitrther  decreasing  ibe  tension  3,  4.  S,  &c.,  nodes  can  be  produced, 
but  for  the  vibrations  to  he  energetic  the  tension,  */,  has  in  eveiy  case  to 
be  so  adjusted  tliat  if  f  i\  the  distance  between  contecuiite  nodes 
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299.  Transverse  Vibrations  of  Rods.— In  censidering  the  vibra- 
tions of  «iriii}:v"ehave  nc),'le<:tcd  ihc  rigidiiyof  the  Miiiic,  and  !.uppu)ed 
ilut  lite  only  furce  lending;  M  brinK  the  tiring  back  into  ils  putiiion  of 
re?it  when  it  is  dnpluced  is  that  due  to  the  tension.  We  now  pass  on  to 
the  Dj^iosilc  extreme,  in  which  tlic  tesliluliuii  is  due  solely  to  the  rigidity 
nf  the  solid,  namely,  the  case  of  a  rod  dumped  at  one  or  more  points  but 
not  eubjccicd  to  aity  lentjnn. 

If  the  rod  is  hcM  in  a  clamp  at  one  end,  the  fundameniat  form  in 
which  it  can  vibrate  is  shown  at  (t),  i'l^. 

347,  where  there  is  a  sintftp  node,  and  Ihut       AAA 
at  the  lixed  end. 

The  manner  in  which  a  rod  clamped 
at  one  end  nbraics,  when  sounding  its  first 
and  second  overtones,  is  shown  m  (i)  and 
(c).  If  the  frc<ium<~y  of  ihc  lod  when 
sounding  its  fiind.»nienial  is  taken  as  unity, 
llten  the  rreqiiencivs  of  lite  ovenones  are 
yv/,  lt.17,  10,11,  11.66,  &C.  In  this  case 
it  will  be  obsened  tliat  tlie  orertoncs  arc 
Dot  ibc  iuuinouics  of  the  fundamental 
loae. 

If  the  rod,  whea  vibrating  as  in  (t).  Fig. 
147,  bmead  of  being  clamped  at  n,  wore 
pnikMiEed,  and  tvcre  simply  supported  at 
M  and  H  we  should  haic  the  case  of  a  twl  free  at  boih  ends,  and 
Ttbratmg  ia  its  fundantental  form  as  shown  at  (tf),  Fig.  346.    The  mode 
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of  vibration  far  Ibe  fint  nv«none  b  shown  at  tf),  and  is  such  Dial 
ifacrs  ira  ibrM  nndet.     'Die  rebtitv  frcqueniciea  of  the  fundamcotal 

nnd  of  ihc  ovcnanes  for  a  rod  fr«e 


N. 


<a) 


y^g  .-■■       M  boili  ends  are  i,  2.92,  +87,  6133, 

.-jfc-v        B    7.48,  ftc. 

"^  The  coDwdcnition  of  the  ooo- 

neclioii  between  tliG  dimcn^iofis 
of  a   rod  and  ilie  frequency  of  ila 

-   N|     Ng  ^ .Kt--''  n  funilainental    tone    i»   beyond   tiK 

A  lijt       ..     /I  ■■■■"  ifc''^'       !«-"i>pc  of  lhi»  wntfc.     It  U,  bowever, 

(0/  int«miinK  lo  noic  that,  other  things 

rid.  ti/t.  being  ihc  vimc,  th«  frctiuency  variu 

inveneiy  atlhcsquarcof  ihelcDgih, 

niHl  In  llw  rate  of  rrcinnsulAt  todx  direciiy  us  the  thickness,  or  ns  (he 

radliK  in  cvlimlriral  khIiw 

SOQ.  Tunlnr-Forka.  —If  ««  coiUMkr  the  vibraiions  of  a  rod,  free 
nt  loMh  rmls  "hrn  smindiitK  iti  fundaBKnUl,  »o  that  iherc  an;  tu-o 
Bodes  in  llvf  (wiiiion*  »tii>wn  in  (.li,  Fi^.  34q.  anti  uippuie  that  the  rod 

b  KTadually  bent  at  the  middle,  it  b 
lb«i  CmumI  that  the  nodes  come 
nnrer  tofcetber  as  the  rod  it  bent, 
u  shown  at  (i>\  (•-),  and  <,A  in  (he 
fiCim.  When  the  mo  Hubs  an 
IMmM  the  MTaapmcni  fonas  « 
twiMf  ^fwk.  aiMl  llw  iwdes  pnic- 
ticftttf  caiacKt.  For  coavcnieDce 
to  hoWiwt  the  fade  a  stem  is 
«UaKk«4  «l  Ihc  aniddk  point,  and 
«MC«  ihii  poiM  ■>  a  Mde.  ibc  vibn- 
M*a  ai*  MM  jajtriwd    wiUi  m 

tbn  JKVCMML 

TWahM*  tJbarl  of  wrifct- 
«« th»  «MMw*A.  M  4am«iA  Sma 

a  WWiufcB  M^  »kMI«»  kMI  tl  k  tiM  »h«  |N<l^t  «*Mk^  «  <«()>  a  WIT 

^^  ■*•  wa>ifc  Nlpt^Mtv  ••■  wPifc  onMnsM  te  Ine 

IW' vlW^Wi  ai4^%IA  WrfW  VMMMVV. 

TV  vwHa  ikM  w<»a»iU  SM  M  ««A 

V  »!«»*►  Ww^  -  T«WWi^(-  a  Mtofh'  WM.  tttt  *r 

*»w»»gtW»V»<Nfc»Bw»»L-mi)hf  «H»vnMMH«  Wl  4b6 
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pMod.  In  the  ciUM  of  n  stcd  fork,  tli«  frequency  <lecreascs  by  about 
I  in  Sw3  fo' P^h  degree  CeniijiT-tdc^  >i*e(if  icmpcniiurc. 

Since  iiin'mtf-forks  are  almnst  evctii»ive]y  usod  for  Mandard^  of  piirh, 
it  is  ol'  tmponanCQ  to  be  able  to  dciennine  the  pitch  of  a  fork  wiih 
accuracy. 

One  mcllKKl  by  which  the  frequency  of  n  fork  ain  be  mc;iaure<l  is 
\a  tune  *  Miinx,  which  i»  Mrctcbed  by  a  kmiwn  forrr,  to  uiii*on  with 
the  fork,  and  to  calcuUie  the  pitch  of  ihc  note  KJven  by  ihc  siring  by 
ibc  formula  jpitn  in  %  197.  This  mcihod  docs  not,  howcM-r,  admit  of 
any  great  accuracy.  A  belter  method  cuiiaists  in  aiiacKing  a  (inc 
briitto  to  one  pronf;:  of  tl)C  furk,  and  cauainf-  ihii  bristle  In  trace  a 
wavy  line  on  a  sinokcd  drum,  which  is  rotatnl  at  a  fairly  nipid  rale. 
A  Hnatl  electnMnii}jii«t  works  anoilier  style,  which  traces  a  second 
Bne  on  the  drum  atonKiidc  that  dtic  to  the  fork.  The  rurrenl  of  ihc 
ekct to- magnet  is  made  at  cqii^l  intervals  hy  Uie  pciiduhim  of  a  stan- 
dard dock,  HI  thai  ihc  line  traced  on  the  dium  is  btcikcn,  and  the 
lime  imcri'al  heinTcn  ihesc  breaks  is  known.  Heiitc,  by  tuuiilin); 
tlie  number  of  vibraiioiis  of  ilie  fork  which  occur  between  two  K'^'cn 
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time-tnarkc,  the  frc()iicncy  of  (be  fork  can  be  oliiaincd.  Another  method 
of  coniiiderable  importance  ii  thai  known  as  tliC  »Iiubuicopic  diK 
Btcthod.  Tu'o  thin  ami  hght  piecei  nf  canl  or  metal  foil  C,  D  (,Ki)j.  350). 
are  attached  to  lite  |>rnngx  a,  b  of  the  fork.  EacJi  of  these  cards  is 
perorated  by  a  slit,  and  theic  slits  are  so  placed  thai,  when  ihc  prnrifis 
of  ibr  fork  are  al  re»t,  tlie  two  slits  are  opposite  each  otiier,  &o  that 
an  eye  placed  al  E  can  >e«  lbroui>h.  U'lien  the  fork  is  suundinK,  it 
will  only  be  po)»iblc  to  «ee  ihniuf;))  when  the  piunt;i  an;  pasding 
ihnjiIKh  their  posilion  of  rest,  and  bcncr  an  object  placed  at  F  will 
be  Dccn  intermittently,  the  interval  between  two  views  being  equal  to 
lh«  interval  between  t"-o  coaseculice  pasMijCs  of  lh«  pron^  through 
IbriT  pnulions  of  rest,  that  i*,  at  tntcrvaU  etjual  to  half  Ibe  period 
of  tiic  fork.  If  the  otiject  ai  P  is  a  diic  on  the  face  ol  which  arc 
painied  a  number  of  rinirs  of  ttiuidistani  dots,  a*  shown  in  Fig.  2$I, 
then,  if  ililsdisc  \s  in  rotation,  and,  during  the  time  which  elapKs  \ic 
iwccn  two  views  through  llie  slits,  a  dot  in  any  one  of  the  rings  has 
josi  had  lime  to  take   lh«  po«iiioii   occupied   by  the   preceding    dot, 
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Th»  diaDfrcs  which  Uke  place  in  the  form  of  Uswjoui'  ftguici  being 
•uch  an  aceuraic  mnhnd  of  uitjuMiii),'  ihc  ftoqocnrir*  of  tuo  foiks  (o 
rcnaiii  ^xc<l  ratios,  it  is  of  much  iitc  in  odjiisi'mg 
the  pitch  of  forks.  Siiico,  liowcx-cr.  ordinary 
forkf  arc  not  Atlctl  with  a  inirrar.  uod  lli«  addition 
of  a  mirror  would  nllcr  the  piii.-}).  \\iK  Airxngr- 
mrnt  dcvrribcd  alxivi?  n  not  applioablr.  Mcncc 
llic  »ir,tii):ciTicm  Sihown  in  Kin.  ;34,  nnd  CRiIcd 
a  ^'ibratinn  micr(isco|>c.  is  employed.  A  lart;c 
fork  A,  which  is  the  tundnrd  with  which  llic 
utlivn  are  lo  be  comp.iird,  carrier  aii*c)i«^  to 
on<:  of  its  prongs  a  small  kiis  U.  This  )cns 
fbnni  tlic  objcctii'C  of  a  ^ni.'dj  microscope,  C, 
the  tulii-  iind  eye-picte  of  which  are  .lupporicd 
on  a  separate  stand.  The  fork  n,  which  a 
betnK  ailjusIMl.  is  placed  so  thai  its  prongt 
vibrate  in  a  direction  at  tight  an);les  lo  thow  of 
the  standard  -V'  If  now  the  ii>icroscope  is 
focusMd  on  a  iinall  dot  on  the  top  of  one  of  tlie  prong*  of  tlie  fork  D,  and 
lh«  standard  fork  ii  alone  xoundint;,  the  dot  will  appeitr  drawn  out  into  a 
line  parallel  !o  the  line  F.  owing  \q  the  to-and-fro  motion  of  the  lens  li. 
If,  on  (he  oiher  hand,  ihe  fork  A  is  al  ttM,  and  the  fork  H  is  soiiiidin)-,  the 
dot  will  appear  a*  n  line  paraltd  lo  llic  line  1',  When  both  furko  are 
Munding,  the  pattern  traced  out  by  the  dot  will  be  llie  Lissajous'  fi|;*^'^ 
appropriate  to  the  relative  frequencies  nf  the  forks.  Since  in  this  method 
of  obtaining  Lissajous'  figures  no  addition  has  in  be  nuide  to  the  fork 
which  is  being  testeil,  it  can  Ik;  used  for  adjusting  any  form  of  fork. 

The  pilch  of  a  tnning-fork  it  adjusted  by  filing  the  prongs.  If  soine 
of  the  metal  it  filed  away  near  the  cmtemity  of  the  prongs,  the  pitch  will 
be  raised,  for  the  mass  of  metal  which  swings  backwards  and  forwards 
ii  thus  decreased.  If  the  liting  is  performed  near  the  stem  the  piteh  is 
lowered,  for  this  decreases  Ihe  stiffness  of  Oic  prongs,  and  so  reduces  the 
restoring  force  which  acts  when  the  prongs  arc  deflected  from  their 
position  (if  rest. 

302.  Transverse  Vibrations  of  Plates.— If  atqunre  plate ofbrass 

or  gl.iss  is  supported  at  its  centre  in 

a  horizontal  plane  by  being  screwed 

lo  a  vertical  pillar,  and  the  edge  is 

bowed  with  a  rosined  fiddle-bow,  it 

•^  ^^^  /T\  ^\/\  /(?I3^    *'"  ^'^'^  *""  *  "ote.    The  number  of 

V-V  ^S^\~i  y  v/W  TCCy    ""'■-'*  which  can   be   o1>tained   from 

iff        fiE'        rti^      to        Ch        ""*  """^  plate  is,  however,  prat:lically 

infinite.      By   strewing  sand  on  the 

Upper  surface  the  character  of  the 

vibration  can  be  studied,  since  the  sand  galliers  along  the  nodal  lines, 
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i.f.  ibc  Iin«  wIkfc  the  pblc  rpmnins  pcmiancntly  ni  ict^L  Some  of  ilie 
fonni  whicb  i-'ao  thus  be  obuinrd  arc  shown  in  P'i^.  ];5,  tvliitli  are 
»clei:(ed  from  some  of  lliose  publislicd  b>'  Ctilaitni,  and  the  6]{utcs  obtained 
in  this  wny  ate  called  Chlaitiii's  fij-urcs. 

The  fotm  shown  at  (ti),  Ft^*.  2%%,  vi  obtained  by  damping  the  plate, 
by  touching  it  with  the  fin^jer,  at  tlie  middle  of  one  of  the  cdj^es,  and 
buwiit^  ai  on*  of  the  comers.  To  obtain  [b)  ilic  corner  is  daiiip^-d  and 
the  \Amk  bowed  in  llie  middle  of  an  edge,  and  so  on,  (he  bouin),'  beiii); 
al"3yi  perfomted  al  tlie  poini  half-«ay  between  two  nodal  lines,  and  tltc 
diunping  taking  place  at  the  nodal  lines. 

Wheiilflone  has  git-en  an  elemi^niary  explanation  of  ihc  Ibnns  in 
nhich  a  sqitiirc  pinle  AHCn  (Kif;.  sjftl  can  vibtatc.  He  firit  ronsidcrs 
the  plale  a?t  made  up  of  a  number  of  tixis 
panilkl  to  one  wde,  AB  These  nids  rould 
vibrate  so  as  to  all  liai*  (licir  nudes  along 
the  lines  N',s'|.  N.^'V  '"  '''*  same  way 
the  plnic  nuy  l>c  conuilervd  a»  made  up 
of  rods  parallel  to  At>,  and  these  rods 
would  all  vibnile  nilh  their  nodes  along 
the  liim  MiU*,  and  U,>l'].  Now  tiipfiosc 
the  two  nioi-enienls  to  ^  on  siniul- 
Lutcoiisly,  so  that  the  actual  motion  of 
any  portion  of  ihc  plate  is  ihc  algebraical 
Bum  of  lite  movemenii  due  to  the  wo  sets 
of  rods.  Let  us  first  take  the  case  when 
Ilie  centra!  M-ginenis  of  the  two  set*  of 
ludi  are  in  oppoitrte  phase.  Then,  if  wc  indicate  that  any  given  pan  of 
the  plate  is  aboie  Ihc  plane  of  the  pbte  by  the  symbol  -(-,  and  Oiat  it  in 
l>elaw  by  — ,  we  have  the  two  scp;iratc  motions  indicated  at  {a)  and  (*), 
Fig.  157.  When  these  two  ate  combined  we  gel  the  sLite  shown  in  (*■). 
In  the  recuui):)cs  which  ate  shaded  the  Iwn  displacements  assist  one 
anolhrr.  while  in  the  unshaded  poitiono  the  upward  displacement  due  lo 
one  set  of  rods  is  neuimlise<l  by  the  duwiiwaTd  displacement  <luc  10  the 
other  set.  Hencv  the  inininiuni  displacement  will  take  place  along  the 
(WO  diagonals  AC,  bd,  a  result  which  agrees  with  the  fonn  shown  at  {/>) 
in  Fig.  25;.  If  the  eenind  portions  of  the  two  sets  of  rods  are  in  the 
umc  phaie,  then  when  tbey  exist  simultaneously  the  figure  ihown  at 
Kf\  P'F-  '5">  ■'"  '•=  produced.  The  nodal  lines  »-ill  ibcicfbre  be  ihe 
iquare  Erctl.  TItis  c^tse  coiresponds  to  {f)  in  Fig.  255  ;  and  since  the 
centre  vA  the  ptaie  is  in  vibration,  the  plate  is  not  clamped  at  its  cenirv. 
!rat  at  a  point  on  llie  nodal  line.  It  nil!  be  seen  thai  the  general  form 
of  the  nodal  lines  obtained  by  cxpctimcnt  agrees  (airly  •■ell  with  ilie 
frirm  oblainnl  by  Wliealsl one's  method.  The  slight  differences  between 
ihr  raknbiml  and  ohscn-ed  forms  is  to  be  expected,  since  we  liare 
ouunsed  ihai  the  amplitude  «f  Ihe  nxMion  of  the  ceniial  poiiion  of  the 
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imlt  and  of  ll*e  enUonitips  are  EigiuiL  Tlihs  hitwcvw,  is  oof  inw^  ibc 
atitplitudc  of  ibc  ntds  bcini;  rc.-iUy  LoasicleiaUy  t;mter  than  that  rf 
tbe  central  tr;{m(-i)I.  Hctice  «ain«  □(  ihc  puits  wtiKib  wc  have  lakcn  h 
being  at  ic^t,  owint;  lo  ibc  <liipl>K«mcDl  o(  the  cikI  vt,inriit  of  imettl 
i>f  nxlik  neutnitUiiig  tlic  diiplacetnent  of  Ihe  cirolral  Moment  tif  ilir  iMlm 
set,  iritl  iMrt  mlly  tic  coinpirtcty  at  resL 

la  the  aue  of  a  circular  phte,  tbc  nodal  line*  are  dihrr  radial  bM^ 
(ircimle*.  ur  ircnnbtnatRins  oi  the  two.  The  radial  nadnl  lines  are  olr 
uincd  b]r  fixins  ibc  centre  of  llic  cirrular  pUtc  and  bnwiii);  Uif  edy^ 
•rliik  iwo  paints  on  llie  «))»  ar«  damped.  :>ince  a  aad»\  line  ttl*«3n 
i«pre«cn»  the  tine  of  wparaiioA  beiH«en  two  |un»  of  ibe  plate  *b>rli 
aT«  vibraiu^!  in  opposite  phases,  there  mtist  alaajr*  be  an  «ven  ncmlwt 
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of  radiul  audal  linet.  If  there  were  an  odd  number,  tlicn  at  onr:  line  at 
\eaM  tlie  plnic  on  both  itdes  ot  the  tine  would  b«  i-ibraiinK  m  ttie  vunt 
phase. 

The  circular  Dodnl  line*  caa  be  obtained  by  testing  llie  plate  on  three 
pnims  (in  one  of  (he  circles,  and  ceiling  ii  into  vibntilon  by  dra«i(t|[  a 
rosined  mrini;  throu^'li  a  hole  at  the  centre.  They  may  alsn  be  otxainnl 
by  liking  the  plate  by  hi  centra  lo  the  end  of  a  tod,  anil  roakiqg  this  rod 
vibrate  lonj[itudiiutUy  (tee  g  joi). 

If,  instead  of  UMHg  nttd  losbow  the  nodal  liaea,  a  lifttu  po«drr,  m^Ii 
as  lycnpodium,  is  employed,  tt  will  collect,  not  alont;  iIm  nodal  lines,  liut 
at  t]>e  parts  of  maximina  motioo.  This  is  doe,  as  was  shoirn  by  Taraday, 
to  ihe  foTtnaiioo  of  finall  vartkcs  in  ibe  air  near  the  plate,  Jum  abnve  ttie 
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venini  Mjcin^nis  <*  loop*,  these  vonices  swcepinf;  die  powder  on  10 
ibc  !oop(. 

SOS.  Bells.  -ImhecJise  of  belt*,  as  in  ihc  ciwcofciteulardiscn,  ilifre 
muti  alwayi  lie  an  even  number  cil'  nodal  Tnoridiiins,  ihe  pottion  of  tJMt 
hell  on  opposite  sJdrs  of  cacli  ineriJian  vibrui-  ,•— ---^ 

iog  in  oppn^iic  pliAse.  -The  siinplcst  (orin 
o(  vibration  ti  that  in  which  there  are  four 
noilnt  in«  rid  ill  lit,  N,.  N,,  N^  and  K,  (Fiji-  2}^). 
AllbiMiifb  ih«  nodal  meridiani  Are  points  of 
no  radial  nKiiioti,  they  arc  points  of  maximiim 
tangential  motion.  The  reason  ix  that  when 
the  tim  on  one  *»>ic  of  a  node  is  outside 
the  mean  posiiioa,  the  rim  ai  ihe  other  side 
is  wilhiii  the  mean  potiiion,  and.  as  is  ohvious 
from  the  figure,  ihc  k'nj-th  of  lim  inierceplcil 
bct««cn  adjaiieni  nodes  is  greattr  when  Ihis 
portion  of  ihe  rim  is  outside  the  mean  position  than  when  inside  ihc  mean 
pO!iiilon.  The  rrtalt  is  th.nt,  lo  allow  for  this  chnnice  in  ibc  tcnffth  of  rim 
Intercepiied  between  adjacent  nodes,  a  motion  of  the  rim  in  tti  own  plane 
takes  place  at  the  nodoL 

The  (it-etioncK  of  a  licll  arc  not  the  harmonics  of  ilw  Ibndamental,  a* 
is  well  shown  b)-  llie  following  table,  which  gives  the  various  lanes  of  A 
pcal  of  bells  which  were  cuamined  by  Lmd  Kaylcigh  :— 
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An  eianiinaiion  of  this  tablo  wiQ  show  how  mnikedly  inhnrtnootc  are  ihc 
varioui  overione*.  The  very  curious  bici  also  appears  tlui  to  ibe  Citsie  of 
all  these  belts,  whicb  are  by  Hnitliih  founders,  it  is  tbc  fifth  of  the  nbove 
tones  that  fixes  the  nominal  piirli  of  the  belt. 

ao*.  LonfTttudlnitl  Vibration  of  Rods  and  SIiing$.-Iii  the  cas« 
of  a  siring  of  rod.  in  addition  to  the  iransveiM  vibtaiions  already  con- 
sidered, >«  may  lut«  longiludiiul  vtbnuwns,  b  whicb  the  paitules  of  the 
siring  move  backwaitU  and  forwards  i»nUel  to  the  lens^i  of  tlw  suin;. 

>  Hoaumioa  is  tKnpahlM  ttieqiMsUanuioiteMfafvef  tlie  Domia*!  pMciioT 
UKbrik 

■/-jaeui*  Um  trci|aeiicy  wm  Uucc  viLmtimu  |it*  Mcnnil  Ins  tina /; 
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The  iltq/Mncy  ai  llw  loitj^tudinal  vihnlioni  of  >  slrtiiK  is  inilcixtiKi 
of  llic  ICR&ion  with  tt'hidi  ihc  strinn  J*  «M!irhcd.     t'tir  wtiEii  a  ponide  ( 
itict  sixuiji  is  (lisplai.'cd  from  lis  inc;tii  pn^iKMi,  th«  fume  with  which  III 
iciuU  lo  ivlilri)  to  its  uodispUccd  pusiiioft  dcpcixKiin  tlic  slici.i>  rjui^ed'' 
!>)■  llic  ttisplatfm^l  ftom  this  pooilion,  and  this  sire**  is  by  Hookc's  U* 
(!j  17:)  independent  of  any  previiWEiIy  existent  strcid  wluch  affect*  the 
pMitck  tinilcr  cannidcr.-iiKHi  and  the  other  particles  cqmJIy.    Thus  the 
\«lanily  nith  which  n  tonsil iKlina I  disltuhancie  trnvcU  in  n  tiring   i*  in- 
dc^icndcitl  of  ihc  irvisiua,  ainl  dvpends  only  on  the  rUsiicity  niwl  dmntf  1 
of  llie  maicrul  of  ihc  striiiK-     \V1ifn  the  strinjj  U  ffivln^  its  fiindouicRlal, 
thetu  will  be  a  node  at  each  end  and  a  single  loop  in  between,  m>  tlut 
ihe  wave-lenii'th  will  be  t^wsA  to  twi<:c  the  length  of  iIh!  sitinfi.     Mencxv 
niKwv— nX,  wlierc  v  is  tlvc  velocity  of  Miund  in  the  material  of  the  Urinff, 
n  IS  the  frequency  of  ihc  note  produced,  and  X  is  the  mvc-length,  w«  ^ 
Vint,  wlietc  /is  the  length  of  the  string. 

In  ihc  case  of  a  roil  clatiiped  at  tlie  middle  and  vibralini-  luagiiudi. 
nally.  (here  mast  be  a  node  at  tlie  centre  when;  iIm*  rod  i«  held,  and  itc 
ends  of  the  rod  mu^i  alu-nys  lie  loops.     llenL-e  when  the  rod  i»  saandie 
it«  fundamental  there  will  be  a  loop  at  dihrr  end,  and  a  sinyle  nodc^^ 
namely  that  at  the  centre.     Tlvc  wiive-lcn>:ih  of  the  sound  to  the  rtal  wiR 
ihercforc  be  equal  to  to  ice  the  tciij^th  of  iltc  tnd. 

Since,  as  in  the  case  of  the  tongiiiMbna)  nbrations  of  a  suing,  -i-^Tml, 
if  we  measure  the  frequency  m  of  ihc  note  gwva  by  a  tud  or  string  a( 
lenjith  /  u-hcn  vibrating  longitudinally,  wc  can  immediately  calculate  the 
Telocity  of  sound  in  tlie  nuterial  of  whkh  the  rod  nr  xiiinx  >*  mmptacdfj 
and  it  is  in  this  way  that  the  values  for  tlw  velocity  of  *ound  in  the  wlid 
given  in  tlie  following  table  ha^^e  been  obiaiucd. 

VeuxriTr  or  Sookd  im  soum. 


AUiminiuni 
Brass  . 
.Steel    . 


Gbuts  .... 

Pine  (along  the  5bre) . 


Mftra/Itec 

Vw^pK. 

5104 

1*7*0 

3S«> 

I14S0 

^990 

163160 

$000 

1A410 

10 

to 

6000 

11)690 

33=0 

10900 

Wc  may  at»  cnlctitale  the  relocity  of  sound  In  a  flring;  or  md,  and 
thus  alM  calcnlaic  the  pnlcb  of  tlie  itote  Kivrn  by  mch  rod  or  striiiK  when 
vitmiting  longitudinally,  for  the  "wras  concerned  are  of  the  type  con- 
sidered in  §  ir-ji  and  it  was  iheie  *bo»'B  that  llie  wlocily  of  such  a  wa«t 
i«  jnvcn  by 


IBk 


A 


1 
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(rherc  E  is  tlw  elasticity  (Young's  moduliH  (§  171)  ■»  dits  caw)  and  p  is 
the  dcnuiiy,     H«»cc,  »inee 

In  lite  «i«c  of  brass  Younff'x  modulns  has  the  value  i.i  x  lo",  aiut  l]i« 
ilcnsiiy  is  S.7.     Hence  llie  vdociiy  of  MninU  in  bnus  i« 

v-^-— J——- 355600  «n./»cc., 

a  number  which  aj^es  irtth  thai  ubiaincd  by  cxperinKnt. 

In  the  case  of  a  rod  clamped  in  the  middle,  the  first  ovcnono  1*  pro- 
daccd  byanKKleofvibralion  inwbicli  there  aic  (lirec  nodes,  one  of  tlicnt 
bcinjri  of  course,  at  the  middle^  The  piidi  uf  ll>e  note  (,'itcn  u  ncaily 
ihirc  limes  ihni  of  the  fundamental  note,  llic  next  ovurione  contains 
five  nodes,  and  the  pitch  corresponds  to  nearly  five  tinKS  that  of  the 
fumlamenial.  and  «o  on.  If  a  rod  is  held  with  one  end  fixed  and  ibc 
other  end  free,  there  muM  be  a  node  at  the  fixed  end  and  a  loop  at  the 
free  end  Hence  the  wave-lcogib  of 
the  Aindaroentn),  when  sach  a  rvd  it 
vibrating;  lon^iudiiully,  vrill  be  t^xuA 
to  four  limes  (he  length  of  the  ind,  .t 
result  which  fullom  iniii)vdi;ite1)'  from 
the  case  of  a  rod  clamped  ai  the 
middle,  for  this  latter  may  be  re^Mnled 
ax  made  up  at  Iwo  rod*  damped  at 
one  end.  The  poailions  of  ihc  nodes 
for  the  fundamental  and  the  firit  two 
ovettoiws  are  ihuwn  in  Pis-  lS9k  from  which  it  «itl  be  tmmediatety  wen 
that  the  fiettncnciei  are  as  1:3:5. 

805.  Torsional  Vibrations. -When  a  rod  is  damped  at  one  end, 
and  tbc  side  is  bowed  transversely  with  a  miined  bow,  a  very  high  note 
ran  be  obtained.  The  Tibratiuns  in  this  oite  consist  of  an  aJicniale 
twisting  and  imivislin);  of  the  rod,  and  are  calkd  toiMOnal  vihtations. 
If  ibc  Miliil  is  in  (he  form  of  a  icaangular  bar,  and  one  bee  it.  held 
horiiontAl,  by  strewing  sand  on  this 
liK«  and  bowiuf;  lli«  edge  of  the  rod 
it  can  be  )«l  in  torsional  nn  well  as 
tmnst-erse  vibrations,  uimI  il»e  posi- 
tions of  the  nodal  lines  will  be  shown 
by  the  wind.  p,„,  ja^. 

The  rliaracter  of  llic   nudal   lines 
thus  obtained  is  shown  in  Fig.  160.      If  the  vibrations  were  simply  trans' 
rersc,  Ibc  ikkUI  line*  would  be  at  rijjhl  angtcs  to  ttie  tA^e.    OwinKi 
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lunvvvcr,  to  the  produriioD  of  lonkmol  vibmiotu,  in  addition  Ui  ibe 
traiuvtrM  vibrjiimns,  wlx-n  iltc  bar  U  bowed  at  A  utd  dftinpcd  ai  b  ^oJ 
b',  the  nodal  lines  nrc  inc)in«<d,  a%  shown  in  ihe  ii{U(«. 

906.  Vibrating  Columns  of  Gas.  —  The  column  of  gas,  ujr  m, 
enclosed  in  «  tube  can  be  cautcd  lo  vibrate  longiitidinally  in  a  tnAnncr 
siticlly  anala(,*oa9  tu  ibnl  of  the  lonijitudinul  vibntionii  or  mds.  Thci 
cnscs  )iav«  to  be  coniidctcd,  iiAinely,  that  in  which  the  tiil>c  is  open  ti 
bmh  emit,  and  that  in  wiikh  the  lube  ii  closed  nt  one  end. 

In  ihe  C3M:  of  vibntiinj;  coltimns  of  air,  at  ibc  oode^  nhich  ate  (Ktinti 
where  the  air  panklcf  arc  at  teft,  there  will  be  nuxinium  thaoti'e 
pressure,  for  iIm  piiniclei  will  altcnwiiely  be  crowded   logctltcr 
separated  at  lliete  poiins.     The  loops,  on  the  other  bund,  wilt  be  ] 
of  maiimuin  niotkin,  but  of  niinrmum  cbunce  of  densii}*  and  pieutuii. 

In  the  <:ase  of  a  cliued   pipe,  there  can  be  ao  motion  uf  tbc  air 
panick«  which  arc  in  immetliaie  contact  n-ilh  the  c}»ted  end,  io  that  the 
closed  end  mukt  aln-ayi  he  n  node.     At  tbe  open  end,  u-bcre  lite  all 
column  communiraict  »'ilh  tW  external  air,  ilie  changet  of  density  i 
only  be  ("cry  small,  io  that  ibc  open  end  mny  for  the  pre^wnt,  ax  any  rai^'' 
b«  icgraidcd  as  a  loop^     Hence  ibc  fuiMtamenial  it  prwhioed  when  iIk 

air  rolumn  vibrates,  as  at  {a),^ 

N  L     •■''«■   36'-       ITw'   wave-leni 

will  be  equal  ■<>  four  time*  (be 
lei^h  of  liie  pipe,  for  it  is 
nlwnys  equal  to  four  times  ihC| 
diEtnnce  between  a  oodv  aod^ 
the  adjacent  loop.  I'he  fint 
overtone  a  produted  whiai 
lliere  U  unr  node  beside* 
at  tbe  ctmcd  end,  ai  sboirn  ; 
<^X  while  ibc  second  (niniioe 
is  pmdoccd  wlicn  Ilicic  aio 
vno  additional  node*,  m  u  (r^ 
PicL  gfii.  Tbe  air  particles  on  lbs  i»« 

Met  of  a  nude  ate  alwap 
inovinf!  in  opfKitile  dircnions,  and  when  a  condensaiion  is  talung  placs 
ai  onn  node,  a  rarubrtMn  is  ukiii};  place  at  ibe  adjacent  nodev  The 
wat'c-kn^ih  at  {i)  is  ctiual  to  mice  tl>e  dbtance  between  cocMeoain 
nodes,  that  is,  ts  equal  lo  (/,  whetc  /  it  the  lenfth  of  the  pipe.  Tbn  i 
wave-tengtbs   of  iho  (umlamenul   and  of  thr  ovettones  of  a  riaitA 

Since  tbe  velocity  of  soand  in  ihcairit  the  same  in  all  OSes,  atid  r-sA, 
(jbe  frequencies  of  the  fundamental  and  of  ike  overtones  arc  iDvcndy 
praponional  lo  the  ware-lennth*,  so  that,  if  ihe  frequency  of  (he  flmda- 
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ntcnul  U  latfcn  as  unity,  the  ffcqucncw-ft  of  the  fumiamcnul  and  of 
ihc  mcrtonc*  nre  I,  3,  S,  7,  Ac.  In  tliis  ca*c,  ibcrcfore,  only  ihe  odd 
harmonics  of  llic  fnndamenial  are  prneni  in  the  ovcriones. 

In  iIh'  tase  of  «  pipe  open  at  boih  vnds,  ibere  tnuu  be  a  loop 
at  each  eiul,  and  the  fuuda- 

incntal   in   jcifco  when   ilicie    L  N  L 

)»  a  sinxtc  node  produced  U 
ibc  mkldlc,  a*  xhown  at  {a\ 
Fig.  26:.  In  thui  irate  tbc 
wavc'tengih  it  cquaJ  to  twice 
ilie  length,  of  ihc  pipe.  1'be 
nio<lc«  of  vibration  cofttspund- 
ing  to  ili«  first  iwo  overtona 
are  iliontn  at  (4)  and  (r).  It 
will  be  »e«n  tliat  ihc  wave- 
length* of  tbc  fundanutnial  and 

overlones  an  e<iual  to  i/,  --, 
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-  -.       ,  ic,  or  in  ll»e  ntia  oft:^:^:!:    .    .    ,     Hence  llie  frequencies 
3    _4 
are  in  the  nttto  of 

1:3:3:4:    ■    ■    ■ 

So  that  ill  tlK  caie  of  an  open  pipe  all  ibc  harmonic*  of  ilw  ftindamental 
arc  produced  by  ilie  overtone*. 

Tbc  pusitioni  of  the  nodci  and  loops  in  vibrating  culiunm  of  ait  can 
be  InTtuiKaicd  by  mcau»  of  an  arran^mCBI  devised  by  Koenig,  and 
called  a  manotnciric  capMik  or  Aame. 

A  hole  is  ntadc  in  the  side  of  Um  lube  ab  (Fin.  i6]X  >nd  over  this 
hole  \%  iirciclicd  a  lliin  india-rubber  membnuie  c  A  tmall  meial,  or 
woixlen,  trap«ulc  u  covers  the  mcmbnuu!,  leav- 
ing a  kinatl  enclosed  space  G.  Ordinarj'  cnal 
Itas  a  supplied  thtoiigh  thr  tulic  K,  and  etcapes 
through  F,  where  it  it  lighted.  If  ihc  preuare 
wiihin  the  pepc  alters,  the  mcmbraiM;  c  will  be 
forced  in  .ind  oin,  causing  the  pressure  in  u  10 
vary  nho.  The  reHilis  of  the  vaiiniioii  of  the 
pf«i8iuc  of  the  gminc  will  be  to  cauM  the  siie 
of  the  fliinie  to  var)',  when  tbc  prenuie  in  G  it 
increased  the  siie  of  tlie  Aame  increases,  while 
when  the  pressure  in  G  decreases,  so  b}m>  Anr.* 
(he  siie  of  the  rtnn>e.  S>nrc  the  vniiaiions  in 
ths  pmsurc  inside  the  sounding'pipc  ocmr  with  gre.ii  npidiiy,  the 
chan};cf  tn  sire  of  the  rlanic  cannot  be  ubMtvcd  when  the  (Umc  is  hiokcd 
at  dncclly,  on  account  of  the  pcTiislencc  of  viiion,  fui  ibe  inviges  of  tlie 
small  and  large  fUinca  titadc  on  the  id  ioic  overlap.    I  nordcrlo  overcome 
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this  dtHficaliy,  (he  flnmci  inMcjid  of  being  ohwrred  diicctly,  is  loolM^d  m 
by  tcllcclion  in  n  mirror,  shown  in  Fig.  264,  whkli  cun  be  nimieil  jtbotil  j 

vcnicil  axis,  so  ibat  ihc  iniAKrs  of  the 
tlam«  ora  no  tonger  mpctpoMv],  |r  Uk 
)ia1«  in  llic  nctc  of  the  pqpr  cnint'idei  nilli 
u  liwp,  then  iherc  »ill  be  no  varialioM 
in  prruure.  and  hmcn  tJ>e  imnnnicihc 
flume  will  not  vary  tn  wie,  and  wlicn 
tieu-cd  in  the  rotatory  mirror  will  stiuw 
lit  a  coniinuMis  band  of  UghL  It,  how* 
cwr,  the  bole  it  at  a  node,  thv  ilunc^ 
irhcn  viewed  in  the  raiaiury  mirrttr,  (till 
be  brolicn  up  into  a  scmiied  nppa^amnc^ 
as  .ihovrn  in  Fig;.  365. 

\Vc  have  in  ilie  above  diurwiiNin  mp- 
po«e<l  that  a  hxip  uas  fomied  enacily  at 
the  opcu  ei»d  of  a  pipe.  Thi*.  hotrrvcr, 
ii  not  accurate,  for  it  ii  only  at  a  liiUe 
i]i»tiUM:e  beyond  ibc  cod  of  ibc  pipe  that 
Iflhcn;  is  a  Atngc  at  the  open  end  nf  the  pipe. 


no  changes  it;t  deniiiy  occnr. 


—IT- 
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a*  shown  in  Fii;.  366,  lli«  loop  oocuts  at  a  disiance  uf  O.Sl  Jf  ootside  i|k 
crid  uf  the  pipe,  where  A'  i»  ibe  minis  uf  tlw  pigK 
If  ibcre  is  no  Ibngc,  the  loop  b  at  a  diiianie  of 
&i7  A'  from  live  end.  Hence  ihc  distance  brtween 
llie  open  cntl  of  a  pipe  and  the  ncaieat  node  ii 
always  tctu  iban  half  ll>c  (li<itancc  bctviecn  any  tmi 
/  '  roTneciiiivc  midci,  or  less  than  \'i,  where  X  a  the 

] wa\«-lcn;:ib  of  the  noic  k'>^b  l"!*  ''"^  I"!*^    The 

^         I     effect  oflhrtC(itTcclionft>r  ihc  ojica  end  iivinually 

I     to  (engilMD  tlie  pipe,  but  ibis  will  not  allef  itw 

I     nlativc  ptldics  of  the  tnerlones.     Siiuv,  iMmrver, 

no.  9J&  ''i^  com^inn   for  an  open   pipe  wilt  buve  10  tie 

appJicl  at  both  endi.  its  viitiul  lengllt  will  tie  / 1^  :.•, 

wlieic  H  it  tlie  convclian  for  ibc  end,  and  the  ware-lengiJi  of  the  note 
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eniiiicd  will  be  ](/-f  zuX  white  ibe  vinual  length  of  a  doMd  pipe  of 
leiij|;tli  /  will  hs  Z+a,  and  ih«  wnve-lcngih  of  the  none  emitted  will  lie 
4(/4-«).  Hvact  the  intenal  between  the  notes  K<*'ea  by  an  open  and  a 
cIomnI  pipe  of  die  Htne  length  (V)  will  be 

nnd  tliit  ii  l«M  than  3.  Hence  the  open  pipci  instead  of  givint^  t)ie 
udnvc  cif  ilic  note  ^iveii  b}'  the  duoed  pipe,  at!>  (be  i-lemcniary  discussion 
previou»Jy  given  »t<ukl  le«d  us  to  cxpe<n,  gi^-cs  u  note  siontewliai  /itifr 
than  the  ocure. 

307.  Orraa-Plpes.  -The  mmt  buniliAr  case  of  ilie  vibrnlion  of 
columns  of  nir  occurs  in  the  CAteoTorgan-pipev  An  of (ptn-pipe  coii&ials 
o(  two  parts :  (1 )  n  tube  enclosing  a  column  of  air  which  it  set  in  vibra- 
tion, ami  which  Kovcm6  the  pitch  of  the  note  cniilieil ;  and  (3)  an 
airangcraeni  for  Mittni;  ihts  cotuiiin  of  sir  into  vihratkyn  and  maintaining 
the  k'ibrAttona  when  started.  Tbcrc  aic  two  distinct  wnys  in  which  the 
vibrations  of  the  ail  column  can  be  staited  and  nuiniained.  In  one  of 
tbejie  ait  in  forced  through  the  channel  A,  Fig.  167  (nX^iul  tlic  MTCam  of 
air  strike!  ag^aiiul  the  bevelled  lip  n  nf  the  pipe. 
The  siicam  of  air  striking  ihi«  edge  sets  tip  vibra- 
tions in  tlie  air  coniaiiMrd  wiihin  tlie  body  of  the 
pipe,  in  the  same  way  that  vibrations  can  be  set 
up  in  the  air  contained  in  the  barrel  of  a  key  by 
blovvinj;  Annns  |!>C  top. 

In  the  other  method  the  air  b  »et  in  vibmii'^n 
by  means  of  the  ttansvcne  vibration  of  a  thin 
plate  ornwtal,  c.  Fig.  367  (*),  called  a  reed,  which 
i*  luied  at  one  end,  and  nearly  fills  tlie  aperture 
leaclioic  from  a  box,  t^  to  the  pipe  K  If  air  b 
forced  into  u  it  will,  in  escaping,  set  tlie  plate  C  in 
\ibt3iion,  and  the  reed  in  its  motion  alternately 
closes  and  open*  the  paisa^e  from  the  box  I>.  It 
is  the  impulses  derived  from  this  inlcrmittcnl 
supply  of  ait  which  sets  the  column  of  air  in  ihc 
pipe  into  vibrmion. 

Open  orgjn-pipes  are  tuned  by  redtidne  the  liie  of  the  open  end  by 
hendiof;  .1  ibecl  ii(  metal  >o  that  it  coven  the  opening  more  or  less.  The 
smAllor  the  i>peninf(,  live  Io««r  is  the  note  |[iven.  Ch>ie(l  pipes  are  tuned 
by  roKinK  in  mori-  01  lesi  the  plug  whkh  coniiilutct  like  closed  end,  and 
thus  altering  Ihc  knitth  of  the  pipe. 

If  the  pipe  is  not  very  narii>w,  the  note  ("iven  when  ii  is  blown  gently 
is  very  nearly  a  pure  tone.  If,  hou-ever,  the  pipe  i>  narrow  or  the  wind 
pTcsHire  is  i;reat.  the  pipe  will  give  a  note  in  which  the  first  overtone  is 
very  marked     ^^^en  very  strongly  blown,  the  first  and  secoiM)  m«nones 
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are  so  strong  as  to  comptctely  drown  the  fundamental,  which  is  rtry 
weak. 

The  claiioDct  consists  essentially  of  an  open  reed-pipe,  the  length  of 
which  can  be  altered  by  opening  and  shutting  various  valves.  The  note 
given  is  very  rich  in  overtones,  and  it  is  □n~ing  to  the  presence  of  these 
overtones  that  this  instrument  ow-es  its  characteristic  sound. 

In  the  comet  and  horn  there  is  no  reed  attached  to  the  instrument, 
but  the  lips  of  the  performer  vibrate  and  perform  the  functions  of  a  leed. 
In  the  comet,  the  length  of  tbe  tube  can  be  altered  at  will,  and  thus  the 
different  notes  can  be  obtained.  In  the  horn  and  bugte  the  length  of  tbe 
tube  remains  constant,  but  the  performer  alters  the  manner  in  u  hich  his 
lips  vibrate  so  as  to  make  the  pipe  give  its  different  overtones,  so  that  in 
these  instniinents  all  the  possible  notes  that  can  be  obtained  are  the 
overtones  of  tbe  fundamental  note  which  the  pipe  will  give. 
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CHAPTER  VI 

SUPPLY  OP  ENERGY  TO  A    SOUNDING   BODV— 
RBSONANCB 

S08.  Vibrations  Maintained  by  Meat.  — In  the  case  of  organ- 
pipes,  nhich  arc  the  oaXy  »nirccx  of  sound  whirh  v'c  have  considered 
which  arc-  capahic  afgiriitg  a  ma'miained  note,  ihc  cnrniy  aoicuxry  m 
inainlun  ilw  vibrations,  and  make  up  fur  ibc  energy  nhich  i«  ladintcd 
u  k>oim1-wuv»,  is  supplied  by  the  bUst  of  aii  uM-d  lo  make  the  [ii|)c 
"speak."  Wc  have  now  i«  consider  other  inelhods  by  whi<:h  ihc  CiiccKy 
which  b  communicated  in  the  .-lir  as  soumi-waves  by  a  suundint!  bod]' 
can  be  KUppJied.  In  ihc  case  of  a  luning-fnik,  say,  the  enettjy  neceuaiy 
lo  supply  the  gound-wafcs  is  dcri^'cd  from  the  loss  of  enei^y  of  motion  of 
llie  prongs,  »o  that  the  sound  gradually  dies  ouL  In  somo  casts,  itou- 
eitr,  Ihc  necessary  enersy  is  supplied  in  the  form  of  heaL  Tlic  mosi 
fitmiliar  cue  of  sound  being  produced  b}'  hc.ii  is  Trcvelyan's  rocker. 
This  instrument  consists  of  a  piece  of  copper  or  iron,  the  rross  section  of 
■tliich  is  shown  at  en  (Fi^;.  i68\  which  is 
beaieil  and  then  rojed  on  a  block  of  lead. 
AB.  Under  thesccircumsLTiK^s  the  rocker 
gives  out  a  musical  note.  1'bc  causc  «( ihc 
vibrations  is  the  cxpanMon  of  (be  lead 
owing  10  the  bcai  conducted  from  tlie 
rocke*.    Suppose  the  rocker  lo  !«  rcstmu 

on  ihc  edge  c  niore  heavily  ih.TH  on  O,  the  rmill  will  be  thai  hral  wi]l 
How  more  rapidly  into  ihc  lead  ni  C  than  at  IK  Tliis  heat  will  cause  the 
lead  to  cxpAnd  immediately  under  the  cdf;e  c,  and  ihts  expansion  will  till 
I  he  rocker  over  on  to  the  oiheredge.  Theconduciiooof  heal  will  now  be 
greater  at  the  edge  ii,  so  that  llie  lead  will  now  expand  under  it  and 
cause  the  rocket  to  (ill  Mck  on  to  ihc  first  edge,  when  the  whole  prvcesi 
will  be  iTpcaled.  I'hui  ibe  rockcr  is  set  in  vibration  and  giv«i  out  a 
note^  ibe  eiKrey  bcini;  supplied  by  the  heal  of  the  rocker ;  in  fact  the 
arrangement  forms  a  heat  engine  in  which  the  rocker  ts  ihe  source  and 
the  lead  Mock  the  sink,  and  Minic  of  Ihe  heal  of  the  s'lurte  is  cont-erled 
into  fiMTgy  of  motion,  while  at  ibc  same  time  a  portion  of  ibc  beat  passes 
tnan  a  higher  to  a  lower  icmiwraliirc,  ih.ii  ts,  passes  to  the  sink. 

If  a  jet  of  hydrogen  g**  be  placed  within  a  retticnl  lulic  open  at  both 
ends,  then  in  general  a  Imid  nuic  will  be  produced,  which  oiU  conilnne  as 
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long  &%  the  gas  jet  remains  alight.  The  sEtmc  phenomenon  is  exhibited  by 
burning  jets  of  ulhcr  cumbustihlc  gases,  but  li>a  leu  murketl  (Ic);re<:.  If 
the  flame  is  observed  by  iiieans  of  a  rotating  njimr,  »imil;ir  to  that  u»c(l 
in  conntttion  M'ith  tniinoraelrit  Haines,  il  wil!  |jc  seen  ih.il  ihc  flame  is 
in  I'ibi'aiion.  Hy  using  the  stroljoscojiic:  method  of  observing  ihc  Mame, 
Tiiplcr  was  able  lo  show  that  in  many  cases  at  one  lime  during  eaeh 
vibralion  the  flame  retires  inside  the  jel  ihroiigli  which  the  gas  ji 
supplied.  Il  is  alio  found  that  the  length  of  iho  gas  suppl)- tube  bean  an 
important  part  in  [lie  phenomenon.  If  llie  supply-iube  is  iighily  plugged 
with  cutton-wool  near  the  jet  ihe  gat  flame,  ahhough  It  appears  just  as 
utual,  is  incapable  of  producing  ribrationi,  while  ihc  nolrs  which  can  be 
obtained  wilh  any  given  rtame  depend  on  the  length  of  the  $ijpply-|iibe 
and  on  (he  nature  of  the  gas.  These  observntions  indicate  thai  siuiionary 
wave^  arc  set  up  in  the  supply' lube.  The  vlfect  of  ihese  vibnitiunt  in 
Ihe  supply-tube  is  ihai  ihc  oinisiion  of  the  gas,  instead  of  being  unifonii, 
is  inleimitient,  so  that  the  mv  of  the  flame,  and  hence  aI.«o  the  supply  of 
heat  to  the  air  contained  in  Ihe  tube  whicli  surrounds  Ihe  tianie,  is  inter- 
mulcnl.  Now  when  a  column  of  air  is  in  vibration  and  heal  is  supplied 
lu  the  air  at  the  moment  of  greatest  condensation,  this  supply  of  heal  will 
increase  the  foice  with  which  the  gas  tends  10  expand,  i.e.  to  regain  its 
normal  condition  of  pressure.  The  cflect  of  this  will  be  similar  10  that 
produced  when  a  pendulum  is  struck  a  blow  at  the  end  of  its  swing 
lending  to  drive  it  back  towards  its  position  of  rest,  namely,  it  will  tend 
lo  increase  the  amplitude  of  the  vibrations.  If,  on  the  other  hand,  the 
supply  of  heat  takes  place  when  the  air  is  at  its  greatest  rarefaction,  this 
will  lend  to  resist  the  return  of  the  air  to  its  coodiiion  of  rest,  and 
will  therefore  lend  10  check  ihe  vibraiions.  Just  as  In  the  case  of  the 
pcnduluni,  if  it  is  struck  a  blow  lending  to  check  its  motion  as  ii  is 
pauing  through  its  position  of  rcsi,  the  anipliiudc  will  decreitsc.  Hence, 
if  the  periodic  increase  in  the  siic  of  ihe  flame  alwaj-s  occurs  at  Ihe 
instaoi  when  the  air,  in  lliat  portion  of  Ihe  lul«  near  the  flame,  is,  owing 
10  the  natural  lihralionsof  the  column  of  air  in  the  lube,  at  iis  maximum 
rondcnsaiion,  the  amplitude  of  the  vibrations  will  be  increased  or  at  any 
rale  maintained.  If,  however,  the  increase  in  siie  of  the  flame  occurs 
sometimes  at  the  instant  of  m.iximum  condensation  and  Mtnetimes  ai 
thai  of  maximum  rarefaction,  that  is,  if  the  natural  periods  i>f  the  column 
of  gas  in  the  supply-tube  and  of  ihc  column  of  air  in  Ihc  lulw  an  not 
commensurate,  the  heal  will  sometimes  assist  ilie  vibrations  and  some- 
limes  oppose.  Hence,  under  these  cireumsiancei,  Ihe  vibraiions  of  the  air 
in  the  lubc  will  not  nn  ihc  whole  be  maintained  by  the  heal,  and  so  will 
die  out.  It  will  thus  be  evident  why  ii  is  necessary  that  the  length  of  Ihe 
snpply-iube  and  the  position  of  the  rhin>e  should  bejir  dehiiile  relations  la 
the  length  of  the  lube  in  order  that  a  sotmd  may  be  produced.  When  a 
plug  of  col  ton -wool  is  placed  in  the  mppty.tube  tibraiioos  can  no  longer 
take  place  in  ihe  gas  contained  in  the  tube,  and  so  the  variali<uu  in  the 
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the  of  the  flame,  which  are  necMKU)'  if  the  vibraiiont  in  the  air  column 
«i«  w  he  kept  up,  arc  not  ptodjicciJ. 

80B*.  The  Energy  of  a  Vlbratlner  Siring.— Wlicn  a  itring  is 
vibrAlin^  Iransvciscly.  tt  posiewts  energy  Jitt  lo  ils  tondition.  When 
it  is  at  it*  maiimuni  tlongniion  on  either  ;i(lc  of  it4  poiition  of  rc»t,  it  i» 
momentaiily  at  rest,  antl  to  its  energy  is  entirely  potential,  that  it,  is 
Morcd  up  oiriDK  10  the  deformation  nf  The  string.  When  the  String 
U  pMsing  thmuKh  ilt  position  of  rest,  )i«  cnerg>'  i«  entirety  hiDCtic 

Let  ihc  mass  of  unit  length  of  the  siring'  be  m,  then  as  the  siring 
ribrates  each  unit  of  leiiKlii  will  vibrate  backwards  and  TaruaTils  in  a 
simple  bannonic  niution.  Let  the  amplitude  of  the  vtlnaiioiu  executed 
by  an  element  of  the  string  uf  unit  IcDfjih,  and  therefore  of  muss  w,  be 
4,  and  let  iti  diiplatemcnt  frimi  its  position  of  lest  at  a  given  instant 
be  r.  Then,  as  shown  in  %  51.  the  velocity  with  which  the  element  is 
roovint;  u —  

where  n  is  tlic  ficqucncy  of  the  vibrutioits  executed  by  the  string. 
Hence  the  kinetic  enei^  of  the  element  is 

Now  the  acceleration  with  whidi  the  element  i*  movini;  whi^o  ils 
displacement  is  j-  is 

hence  the  force  acting  to  produce  iliis  a^xreleration  is  equal  to  the  product 
of  the  iiMss  into  Ibo  acceleration,  or 

Tfab  is  ike  force  of  restitution  when  the  displacement  is  .\\  and  ««  see 
that  it  is  proportional  to  the  displacement  x.  Hence  if  we  draw  a  line, 
OP  (Fig.  l6o),  to  represent  the  conncr- 
lion  between  the  displacement  and  ihf 
foice  of  restitution,  it  will  be  a  straight 
line  pauing  Ihiough  the  origin,  for 
when  the  displacement  is  lero,  so  ts 
the  force  of  restitution. 

If  NP  represent*  the  fi>rcc  (A  resti- 
tution when  the  difpt^rcmmi  is  »\  the 
work  which  has  been  done  aji-i'iTJi  the 
farce  of  restitutiou  lo  di^pUcc  the 
element  to  .1-  is  «qujil  to  the  area  of 
the  triangle  OPK  (§  77).  Hence,  as  the 
potential  cneTKy  when  the  displacement 
L*  X  ii  e(|Ual  to  the  woik  done  in  diiptacing  the  element  lo  4'  frotii  its 
poHlion  of  rest,  titc  poicnlial  energy  is 
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Utit  yt>  is  the  (ok*  of  rL-&tilutioa  irh«n  ibe  dbpluccment  is  .r,  to  th»l  ihe 
p<,t.n»alen«Ky«  «.«.«^. 

Hcntc  the  total  enrrgj)',  Iwili  poicntiol  and  Icinciic,  of  ih«  el«incni  when 
Ui«  displacniicnt  U  4-  is  given  hy 

Since  this  espiession  for  the  total  encr^.'y  does  not  int'olnv  the  displace- 
mcni  r,  we  sec  that  Ihe  total  VDergy  leiniuns  ronstani  ihroiighoui  ihc 
\ibralion,  as  of  course  it  mu^t,  and  we  siinplj-  have  changes  from  the 
polcniial  10  the  kinelic  form,  and  t'iit  tvrsa,  during  the  niolion. 

To  find  the  low!  cnerg)'  of  the  whole  siring  nxr  have  to  add  togelher 
the  energy  due  to  nil  the  clement*,  m  that  the  ioiaI  en«rg)'  is 

where  the  amplitude  '"  varies  from  clement  to  element 

To  procfcd  any  fiirihtr  we  must  make  ioniv  assumption  as  to  the 
relation  liMwecn  the  ainpliiude*  of  the  different  parts  of  the  string.  If  f 
is  the  length  of  the  siring  and  j-l  is  the  amplitude  at  the  centre,  then,  if 
the  string  is  vibrating  in  ils  fundamental  fomi,  we  may  represent  the 
amplitude  of  a  point  at  a  distance  li  from  one  end  by  the  expres&jon 

It— A  sin  ird;/. 

When  ■/=•<■  or  •/"/,  that  is,  at  the  endi,  a  U  icro,  for  sin  c  and  sin  r  are 
both  icro.  When  (f=/,iJ,  that  is,  at  the  middle  of  the  siring,  .i^^,  finr 
sin  iti'3  =  i.  Hence  the  expression  docs  give  us  the  correct  vahirs  of  the 
nmpliiudc  at  the  ends  and  the  centre.  SuhsiiiiitioK  this  expression  for 
a,  we  gel  the  loial  energy  r(|Ual  to 

iJiT^'-w/J'  sin  Vrf.V; 
or  STT^/f'or/fS  sin  Vrf/A 

Now  the  expression  sin  Vj/7  does  not  involve  the  amplitude  with  which 
ihc  string  is  vibraiins.  neither  does  the  exprc^iun  iirtt-'t.  Hence  the 
total  cnerKV  of  n  vibtalint;  itrins  is  pn-porlional  to  the  square  of  the 
amplitude  A  with  which  the  centre  is  vibiaiioK- 

Now  the  only  scientific  method  of  measuring  ihc  inicnsiiy  of  the 
1  ibrjtions  of  a  body  is  to  consider  the  energy  which  ihc  body  possesses 
on  account  uf  these  vibrations.  Hence  nc  sec  that  the  intensity  of  the 
vibrations  of  n  string  are  proportional  lo  the  square  of  ihe  amplitude  of 
the  vibmiions. 

B^  ■  similitr  line  of  argument  il  can  be  shown  that  in  ihc  i:ase  of  nit 
vibrations  ihc  cncrgj'  is  pmpiniional  to  ihe  stjiiaie  of  the  amplitude. 
Hence  Ihe  intensity  of  all  vibraiioiu  is  proportional  10  the  square  of  th« 
axnpliiudb 
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310-  Deoraase  of  Ihe  Amplitude  of  Wares  with  liicrease  of 
Dlslaaae  from  the  Soupo©-— Suppose  we  hav«a  centre  ordismrbance 
^1  <Hthin  an  iii>lropi<-  ntriliiiiii.  m>  ihal  the  vave'fronls  me  -ipliercs  wiih 
jt  a^  cenirc.  Le(  A',  be  ilic  radius  ol'  one  of  ilie  spherical  wave-rionls, 
and  let  llie  amplitude  <if  tli«  u-ai-cs  m  they  croM  ttic  mirfitce  of  thit 
sphere  be  -^|.  .Sunilafly  let  A^  be  the  amplitude  ofihc  wnvci  when  they 
Teach  a  sphere  of  ladius  Jt^  Now  if  we  consider  a  /Am  shell  of  rndiiis 
/f,  and  thickness  x,  the  energy  due  to  ilte  waves  i:oiitaine<l  in  ihi*  shell 
i>  proponional  lo  the  volume  of  the  ahcll  and  to  llie  Kiuare  of  the  ampli- 
aide-    Thi»  the  energy  is  equal  lo 

where  A"  is  *  constant. 

Sow  the  n-avti  ir;ivcl  oul  cart)-ing  their  energy  with  them,  and  when 
they  teach  the  sphcrr  of  radiut  ^,  the  energy  contained  in  a  >hctl  of 
thiclcoc«>  J"  will  be  ,  , 

Now  the  navrt  whicii  occupy  this  new  slielt  are  the  wine  that  some  iin« 
previouily  nccupicd  ihe  shell  of  radius  ^i.  and  so  ihe  energy  rontnincd 
within  the  new  shell  mu§t  be  equal  to  tliai  wtiich  «-as  contain<>d  within 
lh«  old.  We  ate  here,  of  course,  supposing  that  the  wate»  can  travel 
tlir0u|;h  the  uiedium  without  any  of  the  energy  being  dissipated  as  heal, 
Sec ,  communicated  lo  the  mcdiiitn.  Eletice,  equaling  the  energy  con- 
tained viihin  Ihe  two  sliclU,  wc  gel 


or 


Thai  is,  the  amplitude  decreascn  at  the  distance  ftom  the  centre  of 
disturbance.  Tli«  inlcnsily  of  the  wate-molion  lieing  pmportional  to  the 
square  of  tlte  amplitude,  it  follows  tlut  itic  intensity  decreases  as  Ihe 
square  of  ibc  distance  ftom  the  ceniic  of  di^iuihanrc. 

This  rr-«ilt  is,  of  coufm,  applicable  to  the  caw  of  wiund-wnves,  so  that 
the  inienMly  of  a  sound  varies  inversely  as  the  square  of  iho  didancc 
from  ilie  souiuliii^  iKMiy.  This  only  applies  if  ibc  »ound-wn\'es  arc  pro- 
pitt^aied  in  free  air,  so  thai  ilw  wave-fronts  aje  iplieres-  If  ihe  sound  is 
propagated  alun^'  ilte  air  c<mtarned  within  ii  lube,  the  ciois  M-clion  of  ibe 
wave-fronts  al  all  diitauces  from  the  source  tcnuiiu  i)ie  same,  and  lience 
ihe  decrease  in  ainpHiuik  ii  only  due  to  heat  produced  by  friction  of  iho 
moving  air  ajfainsi  the  vidcs  of  the  Itibe,  and  such  like  causes. 

811.  DiUBplnflr.— When  a  vibrating  bo<ly  produres  a  souimI,  the 
ener^  of  the  Bound-M'avcs  which  travel  out  from  the  body  is  detii-ed 
from  ilic  energ>-  of  vibnaliun  of  the  body  ;  also  a  ccnaiii  amount  of  the 
mcTicy  is  converted  into  heal  on  account  of  viicuttily  uf  iba  partk 
the  body  and  friction.  This  lo»  of  energy  cauiei  a  gradwJ  < 
the  iunplttuck  of  the  vihraling  body,  unless  energy  is  supplied  to  it 
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body  from  some  external  source.  1(  the  loss  of  enetgy  is  rapid,  so  that 
the  nmpliluilc  of  the  vibtalions  decreases  rapidtf,  ibc  vibntljons  ate  ' 
In  Ix-  damped.  1'hc  cxicni  of  ihc  dampiiig  is  niuisurcd  by  ihc  ratio  1 
iliR  ampliiuilc  of  one  \'ibraiion  to  ihat  of  the  siicccpiJinjj  one.  Thus,  if 
.-1,  and  A^  are  the  umplitiides  of  auccesfrii-c  vibraiioiis.  the  ruiio  .-tilA, 
ineaiutcs  the  dumping.  In  gcnenil  ihis  i.tiio  is  oonsciiu,  so  that  the 
diflercncc  beiwpcn  the  loaarithm*  of  the  unipiilude*  of  »ucccs»i\'e  vibra- 
tions is  also  constant    for  if 

logXi-log  /J,=loi;  (con^tani). 

Thus  the  dilVereoL-c  between  the  togaritbnis  of  succeuive  amplitudes 
measutcs  the  damping  of  the  vibrations,  and  is  called  the  logarithmic 
decrement. 

S12.  Forced  and  Free  Vibrations.— Suppose  wc  hnvc  a  pcnduliiin 
of  wliich  ilif  priiixi  !■.  one  seconti,  .md  ih.il  st.irtiiijj  wiili  ihc  pcndiihlni 
at  resi  we  am  upon  il  uiili  »  foirc^  which  has  a  period  of  1.05  Mconds. 
Let  us  for  simplicity  suppose  thai  wbai  happens  is  thai  the  pendulum  is 
struck  a  number  of  iinall  blows,  the  period  o(  the  blows  betnK  1.05. 
The  rciult  of  the  firit  blow  is  to  start  the  pendulum  swinging.  Ai  the 
next  blow  the  pendulum  will  have  made  a  liillc  more  than  one  complete 
vibratiort,  but  the  blow  will  act  in  ihc  direction  in  which  11  n  itiovtiig, 
and  bo  will  increase  the  amplitude.  At  the  fifth  blow  the  pendulum  will 
have  ccmplelcd  5^  vibrations,  and  so  will  be  at  its  eiclreme  position.  At 
the  sixth  blow  the  pendulum  will  be  moving  in  the  opposite  direction  10 
the  force,  and  henc^  the  blow  tends  to  check  the  motion.  At  ihc  lenib 
blow  ihc  pendulum  will  simply  be  bmiiKht  to  tcsI  again.  With  <h« 
succeeding  blows  the  whole  operation  mill  be  repeated.  Suppose  noW 
that  the  period  of  the  blows  i»  ^'radually  teduccd.  As  a  tc:tu1t,  the 
number  of  blon-j  which  are  struck  before  they  begin  to  lirfreatf  the 
amplitude  tjcii  yreutcr,  and  hence  the  miuimum  iimpliiude  attained 
incrcasei.  When  the  peiiod  of  the  blows  is  one  trcond,  then  the 
pendulum  will  aitt/ays  he  moving  through  its  position  of  tc^t  in  the 
direction  in  which  ilie  force  acts  at  the  instant  when  the  blow  ia  struck, 
and  so  the  blows  will  always  (end  to  increase  the  amplitude  of  the 
vibrations. 

From  ibc  above  illustration  it  will  be  evident  why  it  \*  that  when  th« 
period  of  a  periodic  force  is  the  same  as  the  riaiiital  period  of  the  body 
on  which  ii  acts,  then  the  vibniiions  set  up  in  this  body  by  the  force  ar« 
very  much  more  energetic  Ihan  if  the  period  of  the  force  has  any  other 
value. 

In  Ihc  above  discussion  we  have  supposed  that  the  blows  hud  no 
effect  on  the  period  of  the  pendtiluni,  This  is  not,  however,  quite  correct, 
as  unless  Ihe  blows  are  struck  while  ihi-  pendulum  is  passing  throuKh  its 
position  of  rest,  the  period  will  be  affected.     For  suppose  a  blow  b 


Forced  and  Frtt   Vibrations 


435 


»tnick  the  pendulum  wh«n  it  U  ai  its  mlmne  e)on}>stion  so  a»  to  lend 
to  increMe  Ibe  clonjiation,  l)ic  vfTect  will  be  to  delay  the  fctum  s«-in){  of 
tbe  penduliun,  .ind  thtix  incrcjue  its  period 

Froni  (he  nbc^-c  iliiicuuton,  when  ibc  farce  is  supjiatnl  to  be  inter- 
millecit  it  vill  be  drar  bow,  when  the  force  is  pcitodic,  that  is  sllcmatcti 
in  direction  113  well  ai  chaii|[es  ia  inagititude,  u  body  may  be  set  in.) 
periodic  inuiiun  by  (be  force.  There  are  two  easies  10  be  coruidereiL 
Id  (be  fint  place,  if  the  natural  period  in  which  the  body  wouSd  vibintc, 
if  it  were  displaced  and  (ben  left  to  itself,  it  tlie  same  as  (be  period  of 
the  force,  ihc  %-ibrations  set  up  by  tbc  force  will  be  very  energetic,  and 
the  body  h  said  to  rtu»i>*d  to  tlic  periodic  forrc  In  the  second  place, 
if  thu  natural  period  uf  the  body  does  not  agree  with  the  period  iA  the 
force,  ilicn  ibc  vibntionit  set  up  in  the  body  arc  in  general  of  ^-ery  small 
amptitudc,  and  they  agree  in  period,  not  with  the  natuni)  period  of  tbC'l 
body,  but  with  the  period  of  (he  force.  Sucb  vibrations,  which  do  not 
agree  in  prrjod  wiih  the  natural  period  of  the  vibrating  body,  but  arc 
produced  by  ihc  action  of  a  periodic  force,  arc  cal led ^rivi/ vibrations. 

If  when  a  body  ii  executing  forced  vihtaii<ins  the  periodic  force  is 
stopped,  then  the  body  will  continue  to  vibrate,  but  the  vibiaiioui  will 
be  of  the  same  period  as.  the  natural  period  of  the  body,  and  are  vii<l 
(o  be  free 

Iftbepointof  suppon,  a  (Fig.  37o\  of  a  pendulum  is  given  a  periodic 
to-and-fro  motion,  u«  shall  hat-e  a  case  ofa  periodic  force  being  applied  10 
(he  pendulum.  If  the  period  of  the 
li>«i>d-fro  motion  n  the  *ame  at 
the  natural  period  of  the  pendulum, 
this  latter  «till  be  set  into  violent 
OKiilalion.  If,  however,  the  period 
of  the  to-and-fro  motion  is  not 
the  Nune  as  the  natural  period  nl 
the  pendulum,  (he  oM-ill.-iiiont  pro- 
duced will  be  of  ver>-  much  smaller 
amplitude.  After  n  time  the  pcn- 
dolum  will  take  up  a  periodic 
motioa  of  the  same  freijuenry  a* 
the  to-ai>d-fro  motion,  the  ampli- 
tude remainiiig  contum.  In  ihis 
oue  the  motion  o!  (he  pendulum 
is  forced  If  the  to-and-fro 
motion  from  a'  to  h"  a  slower 
than  the  natural  period  of  the  pendulnm,  the  motion  nf  tbe  pe'ndulum 
win  be  ai  shown  at  (>i)l  Fig.  270.  Tlic  pendulum  behatci  as  if  the  [ 
of  suppon  urre  at  (he  point  f,  which  is  m>  sitnatcd  that  a  pendahiaj 
length  I'e  wotiM  have  ibc  ume  period  a«  the  l«-aml-fm  motion.  If  1 
notuml  period  of  the  pendulum  ia  less  than  that  of  the  lu-and-M 
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mMton,  the  inolion  of  the  pcndulom  tsasiiboiwnal  (it),  where  a  pcndultim 
rrf  length  pii  would  vibraic  in  the  »timr  pctiod  as  ilw  io-*nd-fro  motion. 
If  the  lu-uiid-fro  mulLU[i  uf  the  poiitl  i>f  support  is  stopped,  the  pendulam 
will  cunlintio  \o  vibnite,  hut  now  with  its  nalunil  period.  Thii  Ciampte 
illiatrntcs  very  ckntiy  bow  a  IhxIj-  will  adjuit  its  pcriiHl  to  agree  with 
the  ppiioH  of  an  impressed  periodic  forces 

A  catc  of  foreni  tiliTaiinns  occtm  if  two  clocht,  which  are  nearly 
keeping  the  sanic  time  when  they  are  placed  on  scfiarate  stands,  are 
pl^ii.'ed  on  the  s,L[ne  »iaiid-  The  vibratioas  of  the  pendulums  then  muie 
the  stand  to  o&cilluii.-  sli^jlilly,  io  that  one  pen<lulun>  produeca  a  periodic 
force  acting  on  ihc  other,  and.  as  a  result,  the  clocks,  which  ulien  at  a 
distance  do  not  keep  time,  when  together  keep  lime  exactly.  The 
pendulum  of  the  dork  which  loies  exerts  a  periodic  force,  which  pro* 
diiced  [nrred  vibraiinn*  in  ihe  fa'.ier  pendulum,  causinif  il  to  vibrate 
slower,  while  the  faster  ncoduhun  in  the  ssinc  ivay  caiisits  the  (lower 
pindutum  to  vibrate  faster.  'Dius  finally  ihc  two  pendulums  vibrate  in 
periods  which  are  exactly  the  same,  and  l)i«  vibrations  in  each  case  are 
forced,  liiough  they  differ  in  period  only  very  slightly  from  the  natural 
peri()d.  The  incrcaic  in  the  amplitude  of  the  I'ibrations  produceil  b>'  a 
periodic:  force,  when  its  period  agrees  with  the  natural  period  of  the  body, 
is  also  very  clearly  shown  by  ihc  oscillations  of  a  suspension  biid^-b 
Standing  in  the  centre  of  such  a  bridge,  it  will  Iw  (bund  that  when  the 
steps  of  i  hoise  have  a  certain  period  llic  bridge  is  set  into  violent 
oscillation,  while  for  all  other  peritnls,  even  when  the  horse  \%  much 
heavier,  the  oscillations  arc  almost  imperceptible. 

If  the  free  vibrations  whicli  a  body  is  able  to  eMu:ulc  are  heavily 
damped,  the  amplitude  of  the  vibrations  produced  by  a  pcitodic  force 
will  not  increase  in  such  a  marked  manner  when  the  period  of  the  Ibroe 
agrees  with  the  natur;d  period  of  the  body.  The  reason  for  this  is,  thai, 
owing  to  the  tlamping,  the  vibmtinx'  VKuly  loses  during  each  vibration 
nearly  all  the  encrKy  irommnnicitcd  to  it  by  the  corresponding  impulse 
of  the  fone,  so  th.it  when  the  force  nets  nc«  lime  the  body  does  not 
possess  any  gie.it  qustmity  of  ilic  ener^iy  communicated  at  the  precedink' 
impulse.  Thus  Ilie  eneif  y  supplied  b>'  the  force  is  not  Stored  up  in  ihc 
vibrating  body  by  the  amplitude  of  the  vibralioox  increuing,  but  i* 
continually  dissipated.  .-\n  idea  of  the  conditions  can  be  obtained  by 
imagininj,'  two  pendulums,  the  hot)  of  one  being  a  b.i!l  of  paper,  and  of 
the  other  a  ball  of  lead.  The  papcT  pendulum  is  strongly  damped  on 
account  of  the  friclion  of  the  air,  and  if  wc  strike  it  periodic  blow*  it  will 
vibrate,  iho  amplitude  of  the  vibrations  being  very  nearly  the  ssunc  after 
the  fir*t  blow  as  after  a  number  of  blows.  In  the  case  of  the  pcndtduni 
with  ibe  heavy  bob  it  is  iithcrwisc,  for  by  suitably  liming  the  blows  ihe 
amplimcie  rjn  be  gradually  increased  to  a  considerable  amount 

313.  ResonatOrS.^Rcsonanc.  ihai  is,  the  production  of  vibrations 
in  a  body  by  the  action  of  a  periodic  force  which  hu  the  same  period  as 
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ihe  natural  period  <A  the  body,  occura  frequently  in  soiukI,  rtkI  plays  an 
important  pan  iit  muiic 

1'hc  periodic  force  \%  produced  by  tlie  vibrations  uf  one  body,  and  is 
communicated  lo  the  sccund  body,  whicli  is  culled  tlic  monaior,  b)-  the 
buimd-wavea  mI  up  in  ibe  air,  or  other  inediuni  (i«>!id  or  fluid;  u'bi<:h 
'iFpurjte*  the  two  bodies  Thu*  suppose  wc  have  two  tuning-forks  of 
the  Kim«  pitch,  and  that  one  of  these  is  sounded  when  helil  near  ihc 
other.  The  sound-waves  frcnn  the  sounding  fork  will  strike  the  other 
fork,  tuid,  tincc  ihc  frftjucnizy  of  these  wivos  is  ttjual  to  the  ftcqueocy  of 
the  fork  by  which  they  are  produced,  by  their  impa<:t  they  will  Mt  the 
fork  in  vibrs^^oa.  In  this  case,  since  iliv  damping  of  the  vibrations  of  u 
taning-fofk  i*  »'Cry  ^mall,  it  is  nBCC**ary  for  resonance  that  the  pilches 
of  tlie  two  forks  should  be  very  jKCuratcly  adjusted  to  equiitily.  In  fHct 
iff  when  the  adjustment  has  been  mode  so  that  strong  resonance  takes 
place^  one  fork  be  warmed,  thus  causing  its  pitch  tn  fall  slightly,  the 
reiKNUuice  ii  nlmost  completely  destroyed. 

The  chief  function  of  resonators  in  acausiics  is  IV  sirenBthen  the 
amount  of  the  sound,  of  the  particular  pitch  to  which  they  respond,  which 
is  radiated  ihrou^h  ilie  ixirroun<liD);  air,  thai  is,  to  increase  the  amplitude 
of  the  waves  produced  in  the  external  air  by  means  of  which  the  sound 
is  heard.  As  an  example  of  this  action  of  a  monnlor.  we  may  inkc  the 
case  of  the  incfe-AMt  in  the  loudness  of  the  note  ^-iven  by  a  lunmg-luf  k  by 
raeaiii  of  a  resonalor.  Kroni  the  fact  that  tlie  prongs  of  a'fork  have  not 
ii  very  great  area,  they  are  nut  capable  of  setting  any  great  quantity  kA 
the  sUETOUnding  air  in  violent  vibration,  for  the  nir  on  the  side  towards 
which  the  proiiK  la  moving  can  slip  round  the  edge  oi"  the  prong,  and 
lhu«  partly  fills  up  the  rarefaction  which  is  being  produced  on  lite 
other  side  of  the  pron^;.  In  addition,  the  interference  uhich  take* 
place  between  tlie  wavvs  emitted  from  the  two  pionips  (§  294)  rcdDcca 
the  intensity  of  ilse  motion  produced  in  the  suirounding  air.  If,  howc\'er, 
the  sounding  fork  is  Iteld  near  the  open  end  of  a  closed  pipe,  of  which 
the  natural  period  is  equal  to  that  ol  the  fork,  that  is.  its  lentilh  is  ciiual 
lo  \  of  the  wave-length  of  Oie  note  ^iven  by  the  fork,  then  this  pipe  will 
be  in  resaoancc  wiih  the  fork,  -tiid  the  column  of  air  within  the  pipe  will 
be  set  into  vihtaiion.  Now  if  tlic  open  end  of  the  pipe  is  not  very  tnull, 
llie  vibratioiu  of  the  aii  inside  will,  »\  ihe  open  end,  set  list  catemal  air 
into  vibration  much  more  powerfully  than  Ihc  fork  alone  did.  I'he  result 
is  that  on  bringing  such  a  resonatoi  iiear  a  sounding  fork,  the  intensity 
of  the  soumt  heard  is  very  much  iacre;ue(L  The  sanie  kin<i  of  effect  can 
be  easily  noticed  in  ilic  rase  of  lite  vib«iiii>n>  of  a  siring.  Here,  again, 
the  surface  of  the  vilirating  Iwdy  \a  small,  so  thai  it  is  incapable  of  setting 
any  great  mass  of  air  into  vibraiiun,  and  ia  addition  the  waves  prodiK«d 
nn  the  two  aides  of  the  stnnt;  are  tn  opposite  phase,  for  when  a  con- 
densaiiun  it  being  pioduoed  on  one  side  of  the  siring  a  ratefaciion  is 
beiiij;  pnMlucrd  on  the  otber  ssdo,  and  iheM  |wv  sets  of  wttTcs  interfere^ ' 
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By  haldm);  a  pii>«  near,  orwIiiL-h  tlie  natural  period  agrees  wiih  that  of 
ihc  siring,  or,  what  :»  better,  conneclinB  one  end  of  the  siring  to  the  walU 
of  the  pipe,  »o  ihiit  the  vibtaiian»  of  the  siting  ate  tomnmntmied  lo  the 
n-alls,  and  by  thcin  |i>  ihc  nir  contained  within  the  pipe,  (he  column 
of  air  i«  S«  into  vibrinion,  and  commtini rales  im  i-ihrations  lo  the 
external  air  much  more  powerfully  than  the  string  alono  i^  capable 
of  dain^. 

'I'hc  above  example:!  of  the  sirengibentng  of  the  sound  produced  by 
a  vibniling  body,  which  arc  casci  of  itiie  resonance,  must  not  be  ctm- 
foundcd  with  oihers  where  the  vibrating  body  i*  able  to  xet  up  foned 
vibrations  in  a  body,  aid  ihc  inpreasc  in  the  loudness  i«  due  lo  ihete 
forced  vibrations.  Thus  when  the  stem  of  a  vibrating  tuning-fork  is 
preMed  aj^aiiiM  tlie  wooden  top  of  a  table,  ilic  loudneM  of  the  iound 
produced  is  greatly  increaseil.  In  this  case  the  fork  sets  the  table  into 
forced  vibrations  which  have  the  same  frequency  at  the  fork,  and  the 
table,  on  .tccount  of  its  lar^e  surface,  is  able  to  produie  violent  xound- 
waves  in  the  air.  1'hat  ihii^  is  not  a  case  of  resonance  is  shown  by 
the  fact  ihal  the  table  acts  equally  well  in  ilic  case  of  forks  of  all 
frequcniries. 

Since  ilie  resonator  owes  the  energy  necessary  to  set  it  into  vibration 
to  the  sounding  body,  and  since  ihe  increased  loudness  of  ihe  sound 
emitted  when  ihe  resonator  i?  present  means  ihat  more  energy  is  being 
fiivcn  out  to  ihe  eilenial  air,  it  follows  that  the  sounding  body  must  lose 
its  energy  of  motion  more  laptdly  when  a  resonator  is  present  than  il 
does  when  no  resonator  is  present.  That  this  is  s<i  can  be  easily  shown 
by  sounding  a  tuning-fork  liist  wHihout  the  resonance-box  belonging  to 
it.  and  then  with  the  box,  when  it  will  be  found  ih.it  the  vibrations  of  ihe 
fork  continue  for  a  much  longer  lime  without  the  resonator  th.\n  they  do 
wiih  it. 

Another  iniporlant  use  of  resonators  is  in  assisting  the  car  to  reiolve 
X  compound  note  into  its  simple  tones,  for  if  the  iioie  contains  a  lone 
which  is  Ihe  natural  tone  of  a  resonator,  the  resonator  will  be  set  into 
vibration  by  this  tone  ;  while  if  this  lone  is  absent  from  the  note,  the 
resonator  will  not  respond.  We  shall  see  in  a  subsequent  scaion  how 
this  analysing  property  of  renonalors  may  be  utilised. 

A  reson;itor,  just  a^  any  olher  body,  can  be  set  in  vibration,  not  only 
in  il»  fundamental  mode,  but  also  so  as  lo  produce  overtones.  Hence  a 
resonator  will  resound  lo  a  lone  having  the  frequency  of  any  of  its  over- 
tones. Now  one  of  Ihc  uses  of  resonators  is  in  ihe  production  of  pure 
tones,  that  is,  a  resonator  is  used  to  strengthen  the  fundamental  lone  of 
a  nole  wiiliout  strengthening  the  upper  pattials  which  miiy  be  present 
ax  the  same  lime.  If,  hwvever.  the  up[)er  pailials  of  the  natural 
vibrations  of  a  resonator  were  of  the  same  pitch  as  the  upper  partials  of 
the  note,  these  would  be  sirens;  iliened  by  the  resonator  as  well  as  the 
fundamcninl.     Thus,  in  choosing  n  icsonaior,  it  is  important  that  while 
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it  rcmunds  to  the  fundamenUiI  ii  should  not  rMoimd  \q  Ibe  upper 
puiilial*.  Wo  hAvc  swn  that  iii  t1i«  case  of  a  closed  cylmdncAl  pipe 
the  frH(uenciM  of  the  upper  paniiils  aie  3,  5.  7,  &c.,  litues  the  fm|ucn<ry 
ufthe  fuudamental,  so  that  if  (be  suundiog  Lrody,  lay  a  Turk,  has  panials 
of  any  ol  these  frequencies,  these  piiniaU  will  be  sltvnsthened.  la  the 
case  of  (c^tonators  nf  the  shape  shown  in  Kig.  274,  the  frequency  of  the 
overtones  it  I'ery  high  compnicd  to  the  frcquenry  of  Ilie  fnnilamenUl. 
and  so,  if,  a«  is  the  «i*c  with  a  fork,  the  upper  p.iniaU  whidi  nrc  present 
in  any  iiTcnfith  are  comparatively  low,  the  reionmor  will  not  be  able  10 
slren|;tlien  llicm.  Thus  for  producin);  a  pure  tone  the  resonator*  of  the 
fonn  »hown  in  Fig,  274,  rather  ihati  simple  closed  pipes,  arc  to  !>c  preferred. 
The  periods  of  the  fundamental  tones  of  such  resonators  cannot  usually 
be  calcnlaied,  but  the  followini;  Kcneml  coniideraiions  apply  :  For  a  gii'en 
opeiting  or  mouthpiece  the  |ntch  is  mainly  dependent  on  the  volume  of  the 
endowed  air,  while  in  the  case  of  resonators  wiiboiit  nedct  the  influence 
of  the  mouth  dcpendi  on  its  area. 

314.  Kandt's  Experimviit-— If  atod  AB(ri};.  i7i>;scl&inped  at  its 
middle  Ml  that  one  end  projects  into  a  lube  Ct>,  the  cod  of  the  rod  l>ring 
filled  with  a  light  piiion  which  fits  loosely  into  the  lube,  then.  011  causing 
the  rod  to  vibrate  !onj{ilU(lina!ty,  this  piston  will  vibrate  biick wards  and 
forwards  and  will  k(  up  tibraiions  in  tlie  air  contained  in  the  tube  CD. 
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The  n-awi  in  lite  air  In  tlie  tube  will  bo  reflected  from  the  end  D  of  the 
tube,  and  ilie  direct  and  reflected  waves  wilt  set  up  stationary-  vibrations 
in  the  air.  If  *«  suppose  that  the  lube  is  dosed  at  [>,  this  point  will  he 
a  node,  and  Ibere  will  he  a  series  of  nodes  alonj;  the  tube  ai  disLinces 
cqtui  to  kj'i  fifom  one  nnolhcr,  where  X  is  ihc  mve-lenglh,  in  the  ga* 
which  Bill  the  lube,  of  the  tone  having;  a  frequency  etftitl  10  that  of  the 
rod.  If  (he  position  of  the  end  of  the  rod  is  adjusted  so  (hat  the  piston 
B  is  nl  a  loop  of  these  stationary  vibrations,  the  motion  pf  the  piston  will 
have  its  niaxinmm  efl^-ct  in  increasintt  their  amplitude,  and  they  n-ill  be 
so  intense  that  If  a  hght  pawder,  such  as  lycopodium  or  cork  (ilinjis,  be 
•trewo  inside  the  tube,  it  will,  by  the  vibration  of  ibc  air  or  other  f[as.  be 
collected  in  very  characteristic  tiansversc  lidgcs  nt  the  loops.  The 
explanation  of  the  rormaiioo  of  these  ridges  is  beyond  the  scope  of  this 
wotic,  10  we  tntisi  content  ourselves  with  referring:  the  reader  who  wishes 
(o  paisue  the  subject  to  Kayleigh's  "  Sound."  vol  iL  p.  46.  By  incaMirinK 
(he  dtslancc  between  consecutive  loops,  we  obtain  the  value  of  \'i  for  the 
itMie  pmdiK-ed  by  (be  rod  in  the  gas,  and  this  represents  tbi 
tisvei«ed  by  a  *<mnd>wave  in  tite  gas  during  tlie  time  the  rod 
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half  N  vibniion.  If  «  is  the  froquency  of  the  rod,  tliit  will  lUso  be 
the  frequency  of  the  vibmtions  in  the  ga^,  so  thai  if  i-  i-;  the  velocity  of 
^oitiid  in  ttic  g»!t,  we  liave  v-=ii\  or  v=ini  wbcic  /  i%  tli«  distance 
belweeii  two  of  the  loops  in  the  tube.  If  the  rod  is  givinK  its  fundmiieiital, 
then  the  wnvc-1ei)f(<h  of  the  sound  io  thr^  rod  is  (g  304)  equal  to  3/.,  where 
/.  n  the  length  of  the  rod.  Hcjice  for  the  material  of  which  the  rod 
is  cAmpoKcd  ■«  have  V=2nL,  while  for  the  ga*  in  the  tobe  «"»ai»/, . 
Therefore 

Thus,  by  measuring  the  rutio  of  iho  len^h  of  the  md  to  the  distance 
between  tHO  loops,  we  can  calculate  the  ratio  of  the  velocities  of  sound* 
in  the  material  of  the  rod  and  in  the  ijas.  If  we  know  the  frequency^ 
n  of  the  rud,  ihc  velocity  of  sound  in  ilie  ga;  ctn  be  calculated,  so 
that  fay  tilling-  ihc  tube  with  various  gases  wc  can  obtain  the  velocity  of 
•^ounil  in  these  gasri.  Without  Icnoning  a  wc  can,  by  simply  comparing 
the  values  (if  the  wavc-Icn^tli.  obtain  the  ratio  of  the  vclodlict  in  the 
diflcrrnt  gases.  For  if*  and  'J  arc  the  velocities  of  sound  in  two  gatec, 
and  \  AUil  \'  the  u-avc-leii^lhs  conir^poiidiiig  to  the  tone  of  frequency  n 
^iveo  by  the  roil,  "re  have  v=h\  and  i''=i»V,  so  that 

V_\    I 

where /and /arc  the  distances  bolwccn  consecutive  loops  as  given  by 
the  Kundt's  lube. 

In  the  following  iiible  the  value  of  the  velocity  of  sound  for  some 
Ifsscs  ai  a  tei»))emtute  of  o"  C  is  jfiven.  (Ar  hai  been  pointed  out  in 
§  liHS,  the  velocity  is  indepcndeni  of  the  pressure.) 

Vklocitv  of  SorsD  in  Gases  at  o"C. 

Air 330.6  iiieires  per  sec. 

Hydiojjco .  .1186        „         „ 

Oxygen Jt?        .. 

Carbon  dioi:ide ....       163        „         „ 
Coal  ga»    .  (about)       49o        „         „ 
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AUDITION,  COMBWATIOS   TONES.  CONSONANCE, 
AND    VOCAL  SOUNDS 

SIE.  Audition. — In  rnntiderinjt  th«  ^ubjcn  of  the  ciTect-i  or  «ound« 
on  ihe  cat,  wc  shall  deal  excluiivrly  niih  ihc  {ihyticnl  tide  of  ihr 
iul>jci:t,  iclcnring  ilic  nadcr  lo  books  on  phyMology  for  an  account  of 
thni  uipM^i  of  the  subject. 

The  tar  n  not  capable  of  deiectiag  >!>  wund  ihe  t"***'"^  "f  ■>'■ 
waves  of  all  frequencies,  but  it  in  only  wlitn  llic  freijuency  of  such 
waves  falU  between  certain  lintiti  that  Ibc  e.ir  is  able  to  <it>iingui»b 
their  preicncc,  and  n-c  experience  ihc  tenuiion  uv  call  sound.  TbcKC 
limits  arc,  however,  neither  of  tbcm  well  definctL  Kelmhoilx  concluded 
from  his  cxpcriiDcots  ibat  the  lowest  froqucncy  wludi  cawcs  the  scDsa- 
lion  ot »  mma'fii/ /t>m  is  about  ttiiny  vibmtions  per  second.  In  fanning 
any  such  estimate,  it  is  very  difficult  to  obtain  a  tone  in  which  we  may 
be  tjuiiG  certain  no  overtones  are  present  ;  for,  if  tliey  are  present,  what 
is  nctually  beard  may  be  the  ovetlnncs  and  not  ihc  fundamental. 

The  upper  limit  irf  audibility  is  even  more  unccnain,  for  not  onljr 
doe*  il  vary  very  much  uilh  ibc  obsrirci,  biii  there  is  llic  added  diffi- 
culty that  il  \*  very  hard  to  determine  ilie  fiei)u»M'y  of  nuies  of  veiy 
higli  pitch.  Tire  upper  limit  of  audibility  fur  noniiul  ears  appears  ti>  be 
somewhere  betn«eD  10,000  and  }o/x)o  vibrations  per  secuml.  Estimaic* 
rA/a'tck  cannot,  liowcvcr,  be  made  above  a  fict[uenty  of  about  4000. 

A  closely  related  subject  is  the  ninplilude  of  the  sound-naviet  in 
air  necesuiry  for  audition.  As  a  retiili  of  some  experiments  on  the 
dlMuivce  to  wViKrh  a  whistle  could  be  heard  when  a  ineaMireil  power 
(§  78)  w«s  einplo)Td  in  maintaining  the  sound,  Kayleijsb  came  to  tbe 
conchisioo  ibai  under  favourable  circumstances  the  ear  is  able  to  detect 
a  tiound,  if  tbe  amplititde  of  the  soundwave  exceeds  to*  cm.' 

The  direriion  (tarn  which  a  sound  cnroex  can  be  judged  with  con- 
tiderahlr  acrutacy,  and  although  the  exact  incihod  by  which  we  are 
able  to  make  this  estimate  of  direction  is  not  known,  there  is  no  doubt 
tliat  we  are  very  lari^ly  guided  by  ilie  dftci  of  (be  sound  on  tbe  two 
ears  ;  probably  tbe  slight  difference  of  the  intensity  with  which  the  sou)i4 
reacbc*  tbe  two  ears  is  at  the  base  of  all  siM-h  Judgnicnta. 

*  iMIsnniitnii  touwlt  oin  be  dMwtcd  by  ihr  «ar  when  ■  ooMlnwiw  icBid  e 
■aoM  anfillnBls  b  iaaadible, 
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316.  Beats.— We  have  seen  in  %  54  that  when  we  combine  Iwo 
S.H.M.'s  of  very  nearly  ilic  same  frcqucnc}',  of  whicli  ilie  disiilacemeiiii 
take  pbce  in  ihe  aiune  direiiion,  titc  icsultaiii  iiKition  is  pcricxlic,  and 
ihc  aiiiplilutic  of  ihe  niolioii  imderj-ocs  periodic  varlalions,  caused  hy>« 
the  dispin cement  due  tn  the  iwo  motiuni  samelimes  bein^  in  ihc  saiut 
direction,  aod  lhi»  aiding  each  other,  and  at  other  limes  Iwin^'  iH 
D|]pa»iie  directions,  and  w  oppouni;  each  other.  In  the  case  of  sound,' 
we  may  obtain  a  similar  result,  for  »hen  iwo  tones,  whose  frcijuencies  Ao 
not  differ  by  niorc  than  about  sixteen  vthmiions  per  second,  are  sounded 
toj,-ciher,  a  periodic  waaing  and  waning  of  the  sound  due  lo  the  two 
ineii  occurs.  Under  such  circumstances  th«  tones  ate  said  to  bral, 
.e  production  of  beats  m:\y  be  illustrated  ubjectivcly  Iiy  an  amnge- 
cnt  similar  10  that  used  to  produce  I.iuajous'  (igure*  [g  301).  ITic 
two  forks  arc  arranscd  to  vibrate  in  Ihc  same  plane,  so  that  the  ampli- 
tude of  the  movement  of  the  spot  of  light  on  ihn  screen  is  equal  to 
the  sum  of  the  amplitudes  due  to  each  fork  scpiirately.  It  will  ilien  be 
seen  that  at  each  beat  the  spot  of  light  is  drawn  out  into  a  line,  while 


balf-way  l>etween  tbe  beats  the  spot  appean  mimd.  By  projectintf  the 
Kpoi  of  light  on  ft  photographic  plate,  which  is  moved  in  a  direction  at 
right  angles  to  the  plane  of  vibration  of  the  forks,  a  curve  such  as  that 
given  in  Kig.  272  it  obtained,  in  which  the  effect  of  the  beati  is  very 
clearly  shown. 

Let  one  tone  (/I)  make  .r  vibrations,  while  the  other  (/O  makes  jr+l. 
If  then  H'e  start  when  the  two  arc  iii  the  same  phase,  the  pliase  o( 
the  lone  /f  will  gain  on  ih.it  of  A,  till,  al  the  end  of  x  vibrations  of  ^(, 
It  wilt  have  made  x-+  i  vibrations,  and  so  they  will  again  be  in  the 
lainc  phase,  and  the  sound  will  l>c  a  maximum.  Let  the  frequcncj" 
of  the  tone  A  be  ii.v,  and  hence  that  of  B  K(r+i).  Now  fioni  one 
nia.iimom  of  sound  to  ihe  next  A  makes  x  vibrations,  so  that  the 
number  of  maxima  in  a  second  will  be  n,  or  thet«  will  Iw  n  beats  per 
second.  But  the  difTerencc  between  the  frequencie*  of  A  and  li  \% 
n(,x  ■¥  i)  -  MX  or  n,  so  that  the  number  of  beats  per  second  is  equal  to  the 
difference  in  the  frequencies  of  the  two  tones. 

Starting  with  two  tones  in  unison,  and  increasing  the  frequency  of 
one  of  thorn,  beats  will  be  produced  which  arc  at  lirst  »low,  but  increkM 
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in  frequency  as  the  tlifletcnce  in  ihc  fr«<)u«ncies  of  lh«  tones  incmsM. 
After  a  time  Ibc  fre(|iiency  of  the  licJiis  uill  he  so  grent  tint  (lie  ear 
CC«srs  In  hftir  ilirm  as  s<.]ch,  aitiJ  the  only  senMlion  i«  one  of  discoiii. 
While  the  brjtls  are  »ti11  niidible,  ttie  ear  i«  tlnablc  (o  diatin(,-uiih  ibe 
Kpataie  tone*  wliieh  aic  produring  llie  beats,  but  when  ibe  bents  oeuc 
to  be  (liMingui^hable,  thm  the  car  can  detect  the  exitlence  of  the 
two  Mrparate  tones. 

Koen>K  hns  adt-anced  the  ihcoiy  ihni  in  the  cAse  of  the  bcni«  pra- 
duccd  by  pure  tones,  si»ch  as  those  given  b>-  massive  luning-foibs  when 
tigihily  bowed,  there  arc  really  two  sets  of  beats.  Thus  suppow  we 
have  a  fork  g^ivinj;  64  vibrations  per  »vcond,  this,  according  10  ubiit  we 
have  said  above,  will  give  8  bcai»  per  second  with  a  fork  of  which  the 
frequency  is  JX  According  to  Koenig  it  is,  howercr,  possible  to  obtain 
Sbeals  per  second,  if  the  second  fork  has  a  frequency  of  ijo.  In  ibe 
first  case  ««  hni-e  71-64=8,  and  in  the  second  case  64  xj-  i?o— 8,  so 
that  bejiis  ixviir  not  only  where  the  frequencies  of  t«-o  notri  are  ne.lily 
the  lutme,  bii!  also  when  the  froqiK-nry  of  the  higher  note  is  neatly 
equal  to  ibc  fiequcncy  of  the  oriave  of  the  fundamental.  Of  course 
ihie  pretence  of  this  stiperior  tieiics  of  beats  is  explained,  if  we  suppose 
that  the  octave  of  tlie  lower  tone  is  gi»-en  by  ihe  iiminj;fork  as  an 
overtone,  so  tliat  the  beats  heard  are  tentiy  due  to  the  combination  of 
this  ovcnoiwt  with  the  higher  fork.  Kneniic,  however,  nininuins  that 
the  ton«s  he  uses  are  pure,  ihat  is,  that  no  m  crtones  .ire  pre»rnL 

Koentg's  two  aeriea  of  beats  arc  related  to  the  primary  tones  in  the 
following  manner.  1'he  frequei>cy  m  of  the  hi);her  lone  ntust  lie 
between  two  mnlitplei,  a  and  *.  say,  of  the  frequency  n  of  the  lower 
lont^  where  itm  is  less  than  m,  and  An  is  (greater  than  m.  Tltcn  the 
two  series  of  beats  which  may  be  produced  are  an  inferior  series,  in 
which  there  arc  ai  ■  an  heiil«  pr-r  second,  and  a  superior  scries,  in  nhich 
tlicre  are  An -in  beats  per  second.  Thus  if  the  t«0  tones  had  fre- 
quencies of  40  and  74,  then  it-- 1  and  ^--i,  since  74  hes  bet»«cn  40 x  r 
VsA  40x1.  Hence  tite  possible  beats  will  be  an  inferior  beat,  of  which 
the  frfc|uency  is  74  -  jo  <m-  34,  and  a  superior  beat,  of  whidi  the  fre- 
t|aency  is  So  -  74  or  6.  Both  sets  of  b«tts  are  not,  however,  usonlly 
aiulihlc  at  the  sarne  time. 

S17.  Combination  Tones.  — Then-  arc  other  phenomena  besides 
the  be-ats  or  throbbing  sensation,  which  are  due  10  ih*  simultaneous 
peoduciion  of  tno  tones.  For  under  certain  circnmstances,  wlieii  |wu 
tones  arc  sounded  simulianeousty,  the  ear  is  able  to  detect,  in  addition 
to  the  t*«  primary  tones,  other  musical  tones,  which  are  due  to  the 
combined  efiect  of  the  two  primary  tonev  Th««e  additional  tnne'i  are 
called  firmiifM/iim  /enn.  There  arc  three  kinds  of  combination  tones, 
namely,  difTer«ncc  tones,  sammatton  tones,  and  beat  tones. 

The  diHerence  tone  H  a  comhinatMMi  iMie  the  frequency  of  whicit  Is 
equal  to  the  difTerence  in  the  EreqaeociM  of  tbe  two  primary-  lonea. 
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Thu«  il  ihe  frcquencic*  of  the  primary  Eonct  are  m  and  «,  tlie  frequuncy 
of  ihcdiflctcnc*  tone  is  A  -iw.  In  acidiiion  lo  iliis  difFrrcnce  lone,  which 
is  called  the  difference  lone  of  the  fiisi  order,  tVn  rombinaiion  lone  can 
itself  form  dilTvicncc  tunes  wilh  cilher  of  the  primary  toncii,  ihuK  givin}[ 
liac  lu  dilTi^rencc  loiies  of  tbc  second  ordec,  and  to  an. 

Tht  lumitiaiiuti  tunes  are  teu  e-viily  obtained  than  Ihc  above,  and 
have  u  frirqupncy  tqual  to  n+m.  Smniiiaiion  tones  of  a  higher  order 
ih.-tn  rhc  dm  can  also  be  obutned  by  ihc  cnmbinalion  of  llie  first  ordcT 
summation  lone  wilh  one  of  the  primary  lunet,  &c. 

When  considering  Ihc  result  of  tbc  supcrpoailion  of  the  cfiecis  of 
two  systems  of  waves  in  air  or  any  olhcr  medium,  we  have  assumed  that 
the  displacement  of  any  panicle  due  to  the  two  systems  is  so  sniall  tbal 
the  force  lending;  10  lestoie  the  panicle  to  its  position  of  rest  is  accti- 
nttely  ptoporiional  to  the  displacement.  If,  however,  ihe  wavc-^ystcms 
arc  »o  energetic,  and  tlic  displacement  of  the  particles  of  the  medium  so 
large  that  tliii  proportionality  no  lunger  hold»,  then  von  HelniholU  lias 
shown  that,  in  addition  to  the  two  primary  wave-syslcms  of  frequency 
M  aiid  H,  thcie  will  be  produced  two  secondary  wave-systems  of  which 
the  frequency  will  be  «  «  and  it  +  m.  These  secondary  systems  will 
correspond  10  thcdiiTcrcncc  tone  and  summaiion  tone  re?  pec  lively. 

The  dondiiion  which  von  Hclmholti  presupposes  is  thai  Ihe  two 
prim.iry  tones  cause  the  jitaw  body  or  the  tame  portion  of  air  to  vibrate 
very  violently.  In  the  case  when  the  two  tones  are  produced  by  a  syren 
or  by  two  harmonium -reeds,  the  vibrations  produced  in  the  ait  are 
Apparently  sufficiently  violent  lo  cause  the  formation  of  the  combination 
tones,  for  von  Ilelmhoitt  and  also  Prof.  Rilcker  have  shown  that  when 
Ihc  two  primary  tones  are  produced  by  these  sources,  the  summaiioa 
and  difference  tones  are  capable  of  causmg  a  suitably  toned  resonator  tu 
"speak."  In  other  cases  the  bcKly  in  which  these  lones  iiic  produced 
may  be  the  ear  itself,  for  the  series  of  small  bones  and  membranes  which 
convey  the  sound  from  the  outside  drum  to  the  nerve  Icmiinations  form 
an  nrrancemenl  such  that,  ithen  violently  disturbed,  the  restoring  force 
would  no  longer  he  .tccuiaicly  ptoponiunal  to  the  displncement. 

Koenig  has  shown  that  when  the  beats  produced  by  two  lonea  are 
sufficiently  rapid  ihcy  conibine  to  form  a  condiination  tone,  whkh  he 
calls  a  beat  lone.  There  will  be  two  scries  of  these  beat  tones,  one 
corresponding  to  the  inferior  series  of  bcals  of  frequency  it  -  m,  and  the 
other  belonging  lo  the  superior  series  having  a  frequency  tm~ii.  It 
will  be  seen  that  the  inferior  beat  tone  corresponds  in  frequency  tu  the 
difTetencc  tone,  and  Kocnig  considers  that  the  difference  tone  »  re.illy  a 
beat  tun^  i>.  is  produced  by  the  beats  having;  become  so  rapid  as  to 
form  a  tone.  He  also  maintains  that  if  the  priiiur;'  tones  are  really  pure 
the  summalicm  tone  is  never  heard,  and  that  when  it  is  heard  it  is 
due  to  brat  tones  produced  between  some  of  the  upper  panials  of  the 
primary  notes. 
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The  whole  aubjecl  of  combinaiiom  tones  is  oiwt  of  consUlerable  diffi- 
culty, and  iMi  must  coniciii  oukcUcs  wiili  ihe  kIiovc  very  tnent!Te 
staicmem  of  iioinc  of  the  mote  prociiinent  £ac(s. 

318.  CoDSOnanoc  and  DIssonanCk.--Whcii  dealing  in  %  2S9  wiih  the 
imiMcal  scale,  wc  icfcirf<l  l<!  ihc  fact  (hat  some  iiilcivai*  are  ConioiMnt, 
i^.  pcoduce  an  agreeable  cBrvi  uhcn  ihe  two  tones  an  sounded  lugethct, 
while  others  ate  difttonani,  or  produce  an  unpleasant  dfect  on  tlie  eur. 
^^'«  are  now  in  a  position  lo  consider  this  question  ratli«r  inoro  in  detail. 
The  end  orgaiH  of  ihc  auditoiy  nerve  arc  situated  on  a  line  mem- 
brane, called  Ihc  InsiEar  nicmt>ran«,  whicb  -a  Mtuued  in  tlic  inicmal 
bony  chamber  of  the  inner  ear  (the  cochlea).  According  10  von  Helm- 
boltf's  ihcor>-  of  audition,  the  difTcicnl  thread*  of  the  basilar  membrane 
act  as  resonators,  r.ich  thread  responding  to  vibrations  of  a  definite 
frequency,  and  thai  as  a  consequence  of  the  vibration  of  these  threads 
ibe  cDrresponding  nerve  lermioHtions  arc  stiratilated,  and  produce  in  the 
brain  the  sensation  which  we  call  sound.  Thus  uhcn  the  disturbance 
prodDoed  by  the  sounding  of  a  musical  note  n  conveyed  to  the  liquid 
iriisch  fills  the  cochlea,  the  threads  which  have  a  natural  period  a^rccinK 
with  the  period  of  any  simple  tones  which  are  present  in  the  note  will  b« 
set  into  vibration-  If  the  sound  consists  of  a  simple  tone,  then  only  one^ 
at  at  any  rate  a  very  small  pri>portion,  of  the  threads  are  set  into 
vibration,  and  the  lirain  is  not  able  to  resolve  the  sound  inlu  any  simpler 
seitsaiion. 

When  two  tones  of  nearly  the  same  pitch  arc  sounded  simulianeouslyi 
then  some  of  th«  fibres  will  respond  to  both  tones,  but  the  vibrations 
tuA  up  will,  oit  account  of  tbe  production  of  beats,  be  intcimitlcnl  in 
character.  If  this  inlermilience  is  sufficiently  slow,  the  I>ca»  will  he 
bettrd  as  separate  maxima  of  souncL  If,  however,  the  beats  are  mpid, ' 
M>  ilwt  line  fibres  have  not  time  to  completely  come  to  rest,  or  nt  any 
tale  if  iliere  is  no!  lime  for  the  iscrve  lo  recm'cr  coniplciety  between  the 
stitnuli,  ilw  eir«ci  will  be  noticed  as  a  roughness  or  disicord.  When,  how- 
ever, tlie  interval  between  the  tones  is  so  great  tliai  none  of  the  fibres  are 
set  in  vibration  by  AvA  tones,  then  tbe  sense  of  roughness  will  vanish. 

If  we  further  suppme  that  eai^b  thread  may  be  capable  of  vibrating 
in  more  than  one  way,  say  the  overtones  are  the  h.irmonlrs  of  the 
fnndjimcnial.  v>  that  any  given  libra  would  respoivd  to  a  to«tc  and  its 
^^  odave,  twelfth,  &c.,  ««  can  undentand  how  il  is  that  the  interval  of  the 
^^B  octave  is  so  coniflnani,  and  it  ««uld  fiirihcr  explain  why  a  lone  and 
^^V  another,  the  frrqurncy  of  which  is  nearly  the  same  as  the  octave  of  Ihe 
F  fit«t.  produce  discoid. 

I  Starting  with  iw«  tones  of  tbe  same  frequency,  and  then  gmdaally 

increasing  tbe  freitueflcy  of  one  of  them,  the  number  of  beats  produced 
U  graduaUy  increase*.    Very  stow  beats  are  ikm  very  unpleasant,  but  as  the 

I  ftrquency  of  tl>e  beats  Increases  so  dor*  the  11  n pleasantness,  till  for  a 

^K     GBtain  tnanbar  of  bcatt  per  secnnd  ilic  diaoord  >a  a  mHimum.    If  tbe 
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number  oT  beats  is  still  Autbn  increased,  the  impkasant  sensation  gn<fe 
all)-  decreases.  Tbc  (dKnamenaa)  is  similar  to  thai  which  ocean  in  ^ 
case  of  visioa.  If  the  intensity-  of  a  light  alters,  that  is,  the  light  fli<*«i. 
tbe  UDpleaaant  iensatioti  ptoduccd  first  increases  as  the  frequency  tt  lie 
flickeis  increases,  reacfacs  a  maxinuim  and  then  decreases,  and  if  (Ik 
frequenc}'  is  more  than  twentv  per  second  all  sense  of  flicker  is  lost,  ad 
tbe  iUuroinatioD  appears  continuous.  Tbe  freqacndes  of  the  beats  ftf 
whicb  tbe  discord  is  a  maximum,  and  for  which  the  sensation  bectxncs 
continuous,  var)-  with  the  absolute  frequencies  of  the  tones  which  give  tbr 
beats.  This  can  be  ckaily  percnved  h\  sounding  the  following  internb 
on  the  piano,  in  which  tbc  number  of  beats  per  second  pioduced  is  the 
same,  but  while  tbe  first  inter\-al  is  verj-  disconlant,  the  last  is  quitt 
concordanL 


Interval. 


SeoiitoDe 
Tone .  .  . 
Minor  third 
Major  third 
Fourth  .  . 
Fifth  .     .     . 


Notes. 


Frequencies. 


,  Nmnber  of  Bcus , 
'       pet  Second. 


d;r 

49S,  528 

er,t 

297.  330 

'^g 

163,  198 

f,  f 

132,  16; 

G.  f 

99.  '32 

c.  c 

66.99 

33 
33 
33 

33 
33 


Mayer,  who  ha*  examined  this  subject,  gi^-es  the  following  senes  of 
values  for  the  frequencies  of  the  beats  when  discord  is  a  maximum  and 
when  the  roughness  vanishes  respectii-ely  : — 


Number  of  Beats  per  S«ond. 

FrequcEkcjr  of  LfCmtt 

Toot 

^^^hm  Di&cord  is  a 

Wfaen  RoDEfaness 

Mttsimuni- 

Vanishes. 

64 

6.4 

16 

138 

ia4 

26 

256 
384 

18.8 

47 

J4.0 

60 

511 

3i.a 

7S 

64a 

36.0 

90 

768 

43-6 

to9                1 

1034 

54-0 

'35                1 

When  considering  the  accord  or  discord  produced  by  compound 
tones,  such  as  ordinarily  occur  in  music,  the  presence  of  the  upper 
partiaU  must  be  taken  into  account,  for  although  the  fundamentals  may 
be  in  accord,  the  upper  partiaU  of  the  notes  may  produce  discord. 

Of  course  the  effects  of  the  upper  partials,  in  giving  dissonance  for 
any  given  musical  interval,  will  depend  on  the  strength  of  the  pwtials 
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ami  on  the  iclation  which  their  pilch  bean  to  that  Af  the  fundnmenial, 
so  that  the  source  of  luo  miuimi  noic«  hns  lo  be  taken  into  account  when 
considering  oonKonance.  For  (implicit)'  we  shall,  however,  suppoi« 
that  the  notes  arc  such  that  ih«  partial^  consist  oC  the  Cint  seven  har- 
monics of  the  fiuidamenial.  Under  these  cirrumslaoce*  tlie  frequencies 
of  tlie  fumtatncntal  and  the  overtones  arc  repicsenled  by  Ilie  numbers 

l.i.3>4.  5.6,7.8. 

In  each  case  we  will  as«unic  the  tnnit:  li>  hare  a  fre<]Ucncy  of  IjC^  and 
will  then  examine  the  freqiicncict  of  the  paitials  of  this  Ionic  and  of  notes 
which  together  with  il  produce  nomc  of  the  commoner  musical  intervals. 
In  the  firet  place,  if  the  inteival  is  the  octave,  so  that  the  frequencies  of 
tbc  two  (undameniajs  are  156  and  ;ii,  the  frequencies  of  the  partials  arc 
slwwn  in  the  foiknriD^  table  :^ 


I           I'caic 

ODla<r«i 

Fundamental 

2S6 

5" 

1  overtone 
> 

51a 
768 

s 

3        - 

t014 

1380 

3$6o 

1  : 

IS36 

... 

179a 

■>• 

I  : 

304S 

... 

3304 

... 

A  coittidcraiion  of  this  table  will  show  that  the  smallest  differenct  in 
frequcocv  (except  imison)  hctn«cn  Ivo  panials  of  these  two  notes  ii  is6. 
Hence,  Moce  for  discord  this  diflercnce  must  be  about  19,  we  lee  thai  not 
only  the  fondamenials,  but  also  tlie  upper  pariiaU,  are  coosonanL  The 
effect  of  the  second  note  »  to  ^Itenglbca  the  even  partial*  r4  the  lowei 
note. 

TTie  followuig  table  conuuns  the  fretpiencies  of  the  partiaJs  of  the 
liigber  note  for  some  other  iniervaU,  the  ionic  having,  as  beforei  a  fte- 
qaency  of  1 J6 : — 


Tonic 

F^IUl 

fourth. 

M^or 

Sixth. 

Mfttor 
Third, 

Minor 

Fundamental 

JS6 

384 

31' 

3*' 

3» 

^ 

I  o\-eKonc 

51-* 

768 

681   • 

H* 

«I4 

3          ,. 

768 

1151 

toJ3 

■  181 

960 

911 

3       » 

1 014 

'sy- 

ij6^ 

1708 

1180 

U3S 

4 

■  ]&> 

1910 

1705 
3387 

3I3S 

1600 

1535 

i  : 

1536 
1795 

1»4 

3561 

■  930 

2140 

1S43 

3149 

7      « 

3048 

... 

... 

]}6d 

Uif> 

«       .. 

1304 

... 

438 
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In  ibc  cn-vt  of  the  fifth,  it  will  be  obwn-cil  that  llw  (titfcmicc  in  TrFqucnry 
bRt<TCcu  the  fundamrnlals  U  118,  while  ihH  nuTiil>vr  hIso  t.ipr«ssct  (Ik 
tnialletl  diAcrcnce  which  occurii  between  any  of  tbe  pailiatt. 

In  ihc  foiiriK,  (he  waalle>t  diflercnce  in  frei|tienc)'  U  83.  There  is, 
appattnily.adiflerenceaf  3  between  (he  Mvenih  oveiione  of  ihe  funda- 
mental und  Ibe  fifth  of«rlone  of  the  bigher  noie,  but  thii  I*  becauM  for 
limpliciiy  we  have  taken  the  frequency  nf  this  note  as  311,  when  il  ongbt 
lobe  at. 3. 

In  tbc  major  sixih,  the  «nuilleil  difference  is  84. 

In  llio  major  iliird,  the  smallest  (difference  in  64. 

In  Ibe  minor  iliird,  the  xinullest  difference  is  y>. 

Now  of  the  iiilcrvals  cunitdered  above  the  rauM  (Nwuaniuit  !s  ihe 
fifth,  aiid  the  connonance  dei:teasF!i  :u  we  post  to  the  mtmir  third.  This 
deetease  in  the  conMwiunte  ii  accompujiicd  by  a  decrease  in  the  smallest 
difference  in  frequency  of  the  purtiaU  of  ilie  tit'o  notes,  to  tlut  in  tlic 
case  of  the  minor  third  we  are  approadiin];  the  limit  (47  beat*  per  uxood) 
at  which  discord  be){int. 

Ne«  let  US  take  a  case  where,  alihouRh  ihe  difference  betavcj)  the 
freiiuenrie*  of  the  fiindamenUU  ii  greater  than  in  si'v^ial  of  the  ca*e* 
alx/vc,  yet  the  consonance  is  noi  so  Kood,  and  sec  nhctber  we  can 
account  for  this  dissonance  by  the  prodticiion  of  bestii  between  the  par- 
tiaJs.  Fur  this  purpose  we  iiMy  take  the  notes  ji^l?  aod^^and  a  hlt^htly 
mistimed  lilth. 


t 

g^ 

xi 

Mbnoed 
riBh. 

Pundomental 
1  overtone 

JS6 

S'2 

U 

1C 

25f 
760 

i         n 

t(A 

1107 

(200 

1140 

i         .- 

1034 

U76 

lAoo 

IS  JO 

4          » 

iz8o 

1845 

3000 

■900 

s 

1536 

3314 

2400 

3380 

o     .. 

1793 

*«■ 

-«. 

•  i« 

I     " 

3048 

... 

... 

»*• 

«     „ 

ayM 

... 

... 

... 

In  the  case  of  r  and  ^,  the  diflerencc  between  the  ftindamcntab  it 
1 13,  and  so  these  lonea  will  not  produce  di»card.  Tlie  iiecoiMl  nvenoae 
of  c  and  the  tm%  overtone  of  jr>,  bowever,  dilftr  by  30,  and  are  tbcrefnce 
dissonant,  and  it  is  to  the  beats  produoed  by  these  that  Ihc  diisnnancc 
of  (he  interval  is  due.  In  the  caie  nf  •  and  g^  the  senond  o^-r'nonr  of  c 
and  tbc  llrM  overtone  tif  gi  difler  in  frequency  by  33,  while  the  sixili 
overtone  of  e  and  ilie  fourili  overtone  of  gt.  differ  by  4^,  and  tl>c  dis- 
sonance of  tbc  interval  is  thus  nrcoimled  (or.  In  the  uniiue  fiflii  therv 
will  he  right  be.ll*  per  wTond  hel«-ern  ihr  srrnnd  overtone  of  tbc  lower 
note  antl  the  5tst  ofenone  of  the  higher,  sixteen  per  second  belween  the 


« 
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fifth  (n-ononc  of  the  lowtr  and  the  third  ovvnone  of  lb«  higher,  aiKl 
iwMity-four  bctwfcn  the  ct|;hili  overtone  of  tbe  lower  iind  ihe  fifth  of  the 
hi^'her.  Hence  it  itil!  be  seen  nliy  it  is  that  an  unlnie  fifth  is  dtisooant, 
and  how  the  ear  ii  able  lo  delect  ■■ant  of  cottecincss  in  »ueh  an  inlctval. 

We  may  in  the  same  manner  enamtnc  the  other  inien-ali,  biU  this 
task  i»  left  to  I  he  reader. 

Sinrc,  when  an  inipn.il  is  luurue,  those  ptinials  of  the  two  notes 
which,  if  the  irter»-al  were  liyc,  ought  to  be  in  unison,  will  be  in  a  con- 
dition for  producing  beats,  it  follows  thai  the  greater  the  number  of 
eOTiinion  pjiriials,  and  the  Mroiiger  these  partials  are,  the  (.'^eaier  will  be 
the  discord  produced  by  mistuninf;  the  inlert-al,  and  to  the  greater  the 
accuracy  with  which  the  ear  can  adjust  such  an  interval.  In  the  case  of 
the  perfectly  cunionant  Jnten-al,  the  oci.n-e,  all  the  parliali  of  the  higher 
note  arc  in  uniion  with  panials  of  the  loK-cr.  In  the  fifth,  ihc  alternate 
nvcrioncs  {i,  3,  5,  &c.)  of  the  higher  note  arc  in  unison  with  parlials  of 
the  lower.  In  the  fourth,  ei'Cry  second  overtone  (1,  j,  &c)  of  the  higher 
are  in  uaison  with  pariials  of  the  lower.  In  ihe  major  sixth,  major  third, 
and  minor  third,  one  overtone  of  the  higher  is  in  each  ca»e  in  unison  with 
one  partial  of  the  lower,  hut  as  ihe  con»ooance  decreases,  it  is  a  higher 
and  higher,  and  therefore  leM  important  parti.1l  thai  is  in  iinUon.  Thus 
an  interval  is  more  eonsuuant  the  greater  the  number,  and  more  tmpori- 
ani,  that  is,  the  lower,  ibu  partiab  which  are  common  to  the  iwo  noie». 

When,  iniiead  of  compound  tonet,  simple  tones  are  employed,  llie 
aboi-e  explanation  docs  not  account  (or  the  &icl  that  while  a  tiu«  octave 
«T  fiflh  is  consonani,  an  untrue,  that  is  slightly  mistuncd,  oclave  or  fifth 
is  dissonant.  It  is  to  be  noted  that  with  pure  tones  ihc  HCcuracy  with 
which  the  ear  is  able  10  delect  an  untrue  interval  is  very  considerably  less 
than  with  contpoand  tones,  to  that  the  explanation  gii-en  above  is  to  this 
extent  mpptiried.  Helmholu  has  explained  the  dissonance  of  simple 
tones  as  being  due  to  the  bean  produced  by  combination  tones.  Thus, 
sappove  we  have  an  untnic  ortave,  the  frequency  of  the  tones  l>eing  3;6 
and  ;  I ;.  Th<:  number  of  beats  is  259,  and  therefore  cannot  produce  the 
discord  which  is  heard.  These  two  tones  will  produce  a  difference  lone, 
nf  whirh  the  fieqaency  b  515  — 156  or  359.  and  this  lone  will  give  three 
beais  per  second  with  tbe  tone  256.  It  is  to  these  beats  that  Helmholu 
allributes  our  p<rn<r  of  dislinguishing  Ihe  untrue  interval.  In  the  same 
way,  suppose  b-c  have  an  untrue  fifth,  the  fre([uencies  being  3;6  and  }8o. 
The  first  difterencc  tone  h.is  a  frwjueiKy  of  ^-a;*  ^  '^  ""*'  *'"  ""' 
pTnduce  a  diKord  with  eiiher  primary.  A  secondary  difference  tone  will 
be  produced  between  the  first  diRereoL-e  lone  and  the  loner  pHtisary  uf 
frc4|uency  1S6-  114  or  1^,  and  this  secondary  difference  lone  will  produce 
eight  beats  per  second  with  the  first  ditference  tone,  hence  the  discard. 

SIS:  'nnibre.~-The  quality  or  timbre  of  ihe  notes  given  by  dilfcrent 
initntmrnls  ii  produced  by  ihc  ovcrlnncs  whk-h  accompany  the  funda- 
mental.    In  general  i]k»c  isotes  in  which  the  fundamenial  it  relatively 
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Kitont;,  ihc  ovciiones  being  few  and  fcebk.  are  of  a  mellow  cliaracter. 
On  ilic  oilitr  hand,  noics  in  which  the  overtones  ntc  numetoux  and 
siron^;  are  har&licr,  and  have  a  su-calted  mecallic  M)und. 

In  dealini;  with  ihe  efT^cii  of  the  ovcrtnnet  on  the  timbre  of  a  note, 
[here  aie  three  points  to  be  considered :  fi)  the  relative  rrcqucncKs  of 
thtz  paitiaU.  (;;  tiicir  ickiivc  iniciijitics,  and  tJJ  llic  rel-iliniis  that  exist 
between  ihe  phusci  i>f  the  pattialt. 

That  the  lint  l"'o  tA  these  (.'onditioni  will  have  an  itnporlant  hearinj; 
on  timbre  rt  evident  from  a  consideration  of  ihe  curves  given  in  Fig.  373, 
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(d) 
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(•1)  Riid  (<r),  which  represent  (he  retuliant  cur\-es  obutiiied  by  ll>«  combi- 
Daiion  of  »inc  curves  which  are  all  li;iftiionlcs  of  the  same  curve,  but  in 
wltich  the  hannoriivS  preteni  arc  different.  In  the  case  of  a  note  in 
which  the  corrcijionding  pariials  aic  pre^eni,  we  can  eaiiily  »ce  that  Ibe 
timbre  uiay  be  very  dilToreni  in  the  two  cjiscs. 

^  ^  In  order  lu  d^^termint!  what  paitials  were  present  in 

^^^^^^      any  K'ven  note,  )IeliJihiilu  used  a  seiiei  of  rewusiora, 

^^^^^^^^  each  of  ihc  form  shown  in  Tig.  374.     The  open  end  a  of 

^^Bu^^^^^ft  (lie  icsonator  is  turned  towardi  the  source  of  sound, 

^^^^^^^^H  uhite  (he  other  and  smaller  opening.  6,  is  connected  (i> 

^^^m^^^V  the  car  by  means  of  an  india-rubber  tube.     If  [he  given 

^^^^^^^^    note  contains  a  partial  which  cortespondi  in  pitch  to 

^^S^^       Ihe  natural  pitch  of  the  resonator,  then  iliis  parti;il  will 

l|l»  cause  the  resonator  10  "speak." 

Flu.  974,  Kocnij;  has  devised  ilie  form  of  icsonsioi  shown  in 

iA«™c*«^.       Fig,  375,  in  which  the  vulunie  of  (he  einioscd  air  cin 
be  altered,  and  thus  the  pilch  of  the  note  to  which  the 
monator  responds  also  altered. 
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Iiuicad  of  uung  tbc  car  <o  delect  wheihcr  3.  resonator  rcspoixl* 
to  a  gtvcn  noiv,  use  luay  be  tuH<le  of  a  inanoniciik'  flame,  ilic  capsule 
of  which  it  connecied  with  Uie  inside  of  tbc  reaomlor.  On  this 
principle  Koenifc  has  cunitiuclcd  lli«  inMrumeni 
(hown  in  ¥ig.  376.  A  series  of  rcstmaiurs  ute 
luncd  M»  as  10  rr^pontl  to  a  given  tone  and  to 
it»  harmonics,  each  rrsonator  being  connccicil 
by  means  of  a  tube  wiih  a  maitomctric  capsule. 
When  a  noit,  of  which  ih«  fundnrncntal  agrM-s 
m  pitch  nith  the  pinh  of  iho  lowcj'  resonator,  i- 
sounded  near  this  instrument  all  the  rcMnaiors 
which  a^rec  in  pitch  with  the  parliab  that  arc 
present  will  respond,  and  the  correspandintt 
flames  will  be  affected,  which  effect  can  be  ot>- 
Mrved  by  looking  at  the  flames  in  a  rotatitiK 
tnirror.  When  an  open  organ  -  pipe,  of  which 
ili«  fundamental  corresponds  to  the  lowest  reso- 
nator, ii  iiound«d  t.'cnll)'  the  fundanvcntal  is  the 
only  TCBonaior  i)ui  responds.  If,  howet-cr,  the 
pipe  is  sounded  mure  itroni;!}*.  the  reMnators 
corresponding  to  the  Rrsi  five  harmonics  re- 
spond, the  rc^ponie  of  the  third  hatnionic  being 
Stronger  than  that  of  tbc  second.  I  f  a  rioscd  pipe  of  the  same  pitch  i» 
wmndcd  strongly,  then  the  efcn  iMrmouics  arc  all  atMent,  as  we  should 
expect  from  the  discussion  gi^cn  in  §  306.  The  third  harmonic  is  birly 
strong,  while  the  6l'lli  i&  only  feeble. 

In  the  case  of  the  note  git-cn  by  a  bowed  violin-string,  the  first  Hrt-en 
harmonics  arc  present,  and  it  is  orring  to  the  presence  of  ibis  large 
number  of  pantals  that  tbc  violin  o»-es  the  pincing  character  of  its 
Roiet.  In  the  cose  of  the  piano,  the  piintals  1,  2,  j  are  fairly  strong, 
while  the  partials  4,  f,  6  are  nwie  feeble,  uliiie  the  poMtion  at  which  like 
nrlni^  are  struck  t*  so  chosen  that  the  M-venth  partial  is  absent.  TIk 
reatoci  for  this  is  that  tlie  seventh  partial,  when  present,  forms  a  dis- 
sonance wiih  ilw  tixih  >'iitd  eighth. 

The  frequency  nf  the  sixth,  sci'cnth,  and  eighth  paniaU  being  (m,  jrt, 
and  Sn,  where  n  is  the  frequency  of  the  fundamental,  the  in  let  >al  between 
the  61U  and  7th  is  67,  and  that  Iictwecn  the  7th  and  8th  ii  78.  Now 
ncitlicr  ol  these  intervals  is  consonant.  If,  iHwever,  the  7th  pariial  is 
abscni.  the  inteivid  betaecn  the  6ih  and  iith  is  ^'4  (a  fuunliX  and  ibis  is 
consonant.  Hence  when  the  71b  partial  is  wanting,  all  the  panials  up  lo 
■nd  iodndins  the  81I1  are  consonant.  Although  the  Sth  and  9th  arc 
dissoitani,  yet  since  tbc  loudness  of  a  partial  decteaics  rapidly  with  the 
order  ot  the  jnnial,  the  diswnanve  produced  by  tbe  6th  and  (he  higher 
|«nkh  U  practically  ncgligabte. 

TIm  partiala  of  an  organ-pipe  have  been  tnveatigaled  by 
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another  way.  Two  rays  of  Mghx  are  caused  to  form  interference  bandx 
(§  .I7S),  nn<i  while  one  ray  pawc*  altogciliet  ihtnugli  ihe  exteruul  air.  the 
other  pa>^><^  llirough  the  air  srluatl-^l  al  the  nod«-  of  an  orgim-pipe.  The 
alternate  condenuiiions  and  ratefatdoni  uuse  the  denaiiy  of  ihe  air  to 
alter,  and  heiite  ihe  velotiiy  of  light  p;tsiing  through  the  air  vsries  in  tlw 
same  way.    llie  revull  it  that  when  the  pipe  h  Roundecl  the  inter ference 


i^" 
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banda  vibrate  backwards  and  forwards  in  the  same  period  as  the  chants 
cf  density  of  the  air  in  the  pipe.  If  then  the  hands  are  received  on  a 
mtaling  dram  eovcred  with  photographic  paper,  a  w.ivy  lino  «ill  be  pro- 
duced, and  from  the  eh.irarier  of  thin  line  the  n.Hure  of  ilie  vibrations 
of  the  air  in  the  pipe  can  be  «ccn.  A  scries  of  traces  obtained  in  this 
way  from  an  open  pipe  blown  with  gradually  increasing  wind  pressure  u 


iS'9} 


Timbre 


443 


given  in  Fi|r.  377,     li  will  he  nojicrd  how  the  fiist  overtone,  which  is  .it 
fini  nl»«ni,  i^adually  inciviM't  in  inten- 
sity at  the  wind  piesHirc  is  increased. 

Not  only  did  Ileluiholu  perfwrn  ihe 
atalfm  of  compound  notes  into  (heir 
simple  panial  (onfii,  tntt  he  also  performed 
the  in««rse  operation,  natiicly,  buildini;  up 
a  ttiAc  of  a  Kiven  timbre  hy  the  romhina- 
linn  of  a  number  ot  simple  tones,  thai  is. 
he  performed  the  sj-nlbrsis  n(  a  git'CO 
note.  The  appa'altis  he  ii*cd  n  khown  in 
Fit;.  378^  and  consisted  often  luning-rorks 
wbidi  were  tuned  so  a*  to  give  a  funda- 
meniAl  of  156  vibRiiitmi  per  second  and 
iu  fir^i  nine  liannonici.  H«ch  of  ibe<e 
foiiu  ii  arranged  in  franl  of  k  reMMialor 
Uincd  to  uniMHi  with  it.  An  elevenih  fork, 
K,  h  maintained  m  vibration  eleciricalljr, 
and  is  so  arranged  that  it  inalcet  and 
breaks  an  electric  circo!)  once  in  eoich 
vibration.  Harh  of  ibe  other  forkt  it  pro- 
tided  with  an  clerlro-ma^nct    thmi^li 


whkh  ibe  inictmittent  curicnt  produced  by  the  fork  K  is  sent. 


The 
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ntuli  11  that,  in  tbe  case  of  fork  number  1,  the  fork  is  acted  upon  by 
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a  periodic  force  which  lecuis  itguUiIy  nfier  I,  3.  3,  &c.  (xn^tptete  vJbini- 
lions,  and  thus  Icccps  ihc  fork  in  \  ibraiion.  Fork  niimlier  i,  in  the  lame 
way,  receives  ^n  impulse  c%cn'  nihcr  vihialinn,  and  to  on.  Each  of  llie 
r«^onati>r&  16  lified  wjlh  »  clapjicr  worked  by  a  sirinjj  aiUchcil  In  a  key. 
board,  by  ir)eaiis  of  which  ilie  inouili  of  the  resonator  can  be  clotetl. 
When  Ilie  mouih  of  the  r«9oniitor  h  dosed,  ^u  that  ii  c.inrot  icinforcc 
ihe  sound  of  the  fork,  the  sound  einiliod  by  ilie  btt;r  is  of  so  feeble 
inicrnily,  romparcd  to  ihc  sound  emitted  when  thp  resonator  is  in  action, 
that  K  may  pmciically  be  neglected.  Thus  ihe  compound  note  heard 
cotrctpotids  to  the  note  produced  by  the  coexistence  of  the  tones  gii-eo 
out  by  the  forks,  the  resonators  of  which  have  bci-n  uncovered  by  depres- 
sing the  eorrespondiriy  keys.    Since  Ihc  intensity  with  which  a  resonator 


FlO,  a?*). 

snunds  depends  on  the  extent  to  n  hich  the  opening  has  been  uncovered, 
the  intensity  of  thi-  dilTcrcnt  partialis  ran  be  altered  at  will 

ICornij;  has  &ho  pctSoTntcd  the  e)nlhesih  of  musical  notes,  by  cutting 
oui  the  eune  obtained  as  in  Fig.  273.  by  coniijoundiiig  the  sine  curves 
rorresponding  to  the  ditTeitnt  Ii.-irmonica,  taken  » iih  their  proper  iclntivc 
amplitudes,  round  the  edge  of  a  metal  cylinder,  such  as  that  shonn  in 
Kig.  279.  If  a  jet  of  air  from  n  narrow  slit  u  be  directed  on  such  a 
toothed  wheel,  then  ihc  pnss«ge  of  tlic  air  will  vary  according  to  the 
amount  the  metal  is  cut  away,  and  by  rotating  the  wheel  a  note  will  be 
produced.  With  this  instrument,  called  n  n-ave-syten.  Kocnig  was  able 
to  reproduce  the  rharaci eristic  timbre  of  some  musical  notc^. 

The  limbic  obtained  also  varies  uhcn,  the  number  and  ninpliiude  of 


■he  pnrlials  being  kept  th«  came,  ihe  phiue  relatione  heiH-cen  tliene 
pailinlii  arc  chunked  in  tlie  manner  exhibiicd  in  Fij;.  273.  In  ihc  curves 
(ii)  and  (•')  ibc  phntes  of  all  tlir  paniaU  arc  ih«  same,  that  if,  uhcn  ihe 
ftindamcnial  cun'c  i«  pa&sing  iliiitugli  ihe  aiia  of  X  fioin  ihc  ne^aiiw  lo 
the  ptwitive  iiiJc,  tliai  is,  when  it*  phase  i»  o*.  all  Ihe  cun-es  correspond- 
ing to  tlic  oilier  partial^  arc  alio  passing  through  the  axil  of  X  from  the 
negative  lo  ihe  piuiiivr^  si<Ie,  so  thai  (heir  phase*  arc  alsno*.  In  the 
cur^'es  {b)  and  (i/j,  when  the  pha»C  of  ihe  fundamenlat  it  o',  thai  of  the 
partial  next  above  it  is  90'  behind,  »  that  this  curve  is  at  its  niavimiint 
IkIow  the  axis  of  A',  while  the  phase  of  the  next  pantal  is  90'  behind  this, 
and  60  on. 

Hence  Koeiiig  concludes  that,  contrary  lo  the  resuiu  obiainc<L  by  von 
Hi'lmhottr.  ihe  relative  phase  of  (be  partials  has  some  inAuence  on  the 
timbre  of -hr  note. 

820.  PFOdu(!Uon  of  Vocal  SouimIs,— The  actual  orfiaa  concerned 
in  the  production  of  the  vibrations  (hat  constitute  a  vocal  sound  are  two 
mcmbrantA,  called  the  vocal  cotds.  These  nieinbranei  are  stretched 
between  a  series  of  cartilaginous  stmciures,  to  which  are  attached  a 
serie*  of  muscle^  by  means  of  which  tlie  tension  of  the  membranes  can 
be  altered.  The  vocal  cords  are  stretched  acrou  the  opening  of  Ihe 
Irschea,  which  is  a  tube  leading  10  Ihc  tung«,  and  it  is  to  the  vibniiions 
caused  in  the  cords  when  air  is  forced  betuecn  them  thai  vocal  sound* 
are  due.  The  vocal  cords  in  nicn  are  thicker  than  in  women  and  childrea, 
so  that  (hey  vibrate  more  ilowly,  and  bcnce  protlucc  lower  notes. 

The  sounds  produced  by  the  vocal  cords  are  much  modified  by  the 
eAcci  of  the  mouih,  which  acts  as  a  resonator  of  variable  shape  ami 
vidurae.  The  month  cavity  may,  howci'cr,  not  only  act  the  pan  of  a 
resonator  in  the  M^n^o  we  have  already  used  the  term,  but  it  may  also 
niodify  the  note  pioduced  bj-  the  vocal  cords,  even  when  il  is  not  truly 
in  resonance  n-iih  any  of  Ihe  lower  partials  of  the  note.  That  such  an 
effect  can  be  produced  is  shown  by  an  eiperiment  of  Koenig's.  in  which 
a  syren  was  surtnuunlcd  by  a  pipe,  and  the  note  produced  was  examined 
by  a  tnanomciric  flame,  while  the  rnlio  between  ihc  natural  periods  of 
the  syren  and  pipe  wa«  altered.  It  was  thus  found  thai  ihc  characteristic 
of  the  paniaU  present  in  the  resultant  note  underwent  marked  changes 
due  to  the  crtcct  «f  the  resonator,  these  being  very  much  more  marked 
when  the  natural  period  of  the  resonator  coincided  with  that  of  one  of 
the  partials  of  the  note  given  by  the  syren. 

Articulate  speech  is  computed  of  a  number  rS  characteristic  sound* 
caDcd  TOWeU,  of  which  there  enist  almost  an  infinite  number  of  different 
kinds,  the  characteritlic  being  that  a  vowel  sound  can  be  imlelinilely 
vnniiwd  withotii  losing  it*  clMracteristic.  In  addition  to  ibc  vowel 
wunds,  tliere  are  other  sounds  called  oonsonams,  which  arc  not  per- 
ttitent  sounds,  being  practically  only  different  ways  of  commencing  i 
eikding  a  voa-c(  MHiDiL 
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The  quettion  as  to  what  it  i»  that  giv«  its  characicr  to  a  vowel 
immd  U  A  subject  about  nliicb  tli«rc  ha»  been,  uiii  i»  still,  much 
(liBcrencp  of  opinion. 

Hclniliolu,  who  invcsiisAicd  this  queslinn,  Ibund  that  when  the  mouth 
is   aiijtislcd   (or   mounding   any  ](iv<-n   txinH,   ihc  cavity   of  the   mouth 
alwaj's  rciouiidi  to  the  same  tmir,  and  thai  the-  frequency  of  the  tone  . 
depcndi  unly  on  the  vowel,  and  not  on  the  age  or  sex  of  the  tpcaleer. 
He  wa:i  livoce  led  to  ihc  conclusion  thai  e\'cry  vowel  sound  is  charac 
t<^rised  by  llie  pilch  of  the  toiie  (or  tones)  to  which  the  moui]i  i»  adjusted 
111  this  way  he  found  ilw  following  characicrislic  tones  for  some  of  tha^ 
vowcU  :— 

VOWKL  Charactkristics. 


Vowel 


u  R%  in  rudt . 

ou 

o  as  in  ■mart . 

»k 

A  as  iu  fmher 

t  as  in  ih^re  . 

»  at  in  machine 
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•I 
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3S» 

ti 

3376, 
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Tile  difficulty  then  arises  as  to  how  it  is  that  we  can  recognise  the 
chatacier  of  a  vowel  sound  when  it  is  sung  on  >'cry  different  pilches. 
This  difficulty  may  in  measure  be  met  by  supposing  that  in  generrtl  one 
of  the  upper  parlials  of  the  note  produced  by  the  voc:il  cuids  is  5uflt- 
ciciitly  near  to  the  chataci eristic  tone  of  the  vowel  to  cause  the  mouth 
cavity  to  icsotind,  and  it  is  Ihc  strengthening  of  this  partial  by  rcsonnnce 
which  gives  the  characteristic  vowel  sound,  allhough  the  great  bulk  of 
the  sound  produced  may  be  of  a  diflcrent  pitch. 

By  means  of  a  system  of  lesonalurs,  Hclmholli  was  able  to  delect  the 
presence  of  other  partiiils  which  characterised  the  vowel  sounds,  and 
t)ien,  using  his  appatains  for  ihe  synthesis  of  notes,  he  was  able  to 
icpioducc  some  of  the  vowel  sounds  with  snnic  degree  of  success. 

More  leceni  obscivations  of  the  form  of  the  trace  in  the  phonograph. 
however,  sewn  to  indicate  that  the  subject  is  inoie  coniplicaied  than 
Helmholti's  work  would  lead  us  to  suppose,  and  that  when  a  rowel 
sound  is  sung  on  different  notes,  one  of  the  pnrtials  of  Ihe  note  is 
reinforced,  and  ihnl  the  frequency  of  the  partial  thus  reinforced  oscillates 
between  certain  limits.  Hence  the  characierislic  tone  of  a  vowel  is  not 
of  perfealy  iixed  pitch,  but  changes,  nithin  certain  limits,  in  such  a  way 
as  aluays  to  be  one  of  the  parlials  of  the  note  on  which  the  vowel  is 
sung. 

321.  The  Phonograph.— There  have  been  numerous  attempts  lo 
artificially  repiuduie  hoiiian  speech,  and  of  these  the  only  one  which  has 
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been  compleiely  successful  is  lliat  ma<lie  by  Edison.  The  latcit  form  of 
Edison's  I*honosrjph  i-onsots  of  a  wax  cylinder,  on  wliich  a  small  siylia, 
wiih  a  sharp  culling  edge  tecords  ihc  ribraii<>n!i  caused  iu  a  tliin  glassl 
diaphrngm  by  ihc  sound-w.nvrs  which  arc  incidrnt  on  the  diaphratni^- 
The  vibialions  of  the  diaphngm  cause  the  itylvis  lo  cut  a  >pm>vc  in  ihc 
wax  of  v;Lriat>le  depth,  and  ihis  groove  forms  n  pemiitncnt  record  of  the 
vibrations  of  ihc  diaphragm.  In  order  lo  reproduce  the  soundt,  the 
cutting  stylus  is  replaced  by  a  round  poinic<t  one,  and  ihis  stylus  is 
caused  to  pais  alonj;  ilie  groove  made  by  llic  cuiiing  stylus.  In  ihis 
wajr  tile  rounded  stylus  is  caused  to  vibrate  in  cxacily  the  same  way  a* 
did  tbe  recording  one,  and  since  it  communicaies  its  motion  to  the  glass 
diaphragm,  Ihis  Utter  alui  is  caused  to  vibrate  in  the  same  manner  as  it 
did  under  the  influence  of  the  incident  sound-waves.  The  diaplimem 
coaunimicaies  Us  motion  to  the  ur,  and  thus  the  sounds  arc  repro- 
duced 

The  character  of  the  trace  made  on  tlie  wax  cylinder  has  been 
examined  by  Hermann,  by  attaching  a  mirror  to  the  recording  stylus 
and  rcSecting  a  ray  of  light  from  ihis  mirror  on  lo  a  sciceo.  Under 
th»M  circumstances  the  niovements  of  the  spot  oj  light  wiH  show  the 
form  of  the  imce  made  by  die  recording  stylus  on  the  wax  cylinder. 
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LIGHT 


CHAPTER  I 
RP.CTtUNEAR   PROPAGATION— REFLECTION 

822.  Scope  of  the  Sutvleot.— The  wonl  lighi  is  lutA  both  in  a 
subjective  uad  an  objective  tense.  Tlius  when  out  eye  h  subjccied  lu 
certain  condiiions,  wc  experience  a  sensation  which  wc  call  lighi,  while 
the  physical  uiusc  of  ihis  seiisiiiion  is  also  called  ligliL  In  our  exmnina- 
lion  of  ihc  phL-iiomi-'na  we  shall,  iiowcver,  find  thai  boflics  which  emii 
ihai  fomi  of  radiation  whifh  produces  the  sensation  of  light,  in  (general, 
alsu  emit  other  forms  of  radiation  which,  while  pbysicatl)'  ii(  the  same 
nature  as  liKht,  yei  do  not  produce  the  sensaiion  of  light.  Thus  Ihc 
lliunc  of  a  Uunsen  burner  is  almost  invisible,  still,  if  v*e  hold  our  hand  or 
a.  thennumeier  near  the  flame,  we  find  iliat  heat  energy  it  heing  radiated 
out  all  the  time.  t)y  inittidudnK  a  piece  of  fine  plaiinum  wire  into  the 
dame,  ihc  wire  will  be  raised  to  a  nhiic  henl,  and  will  produce  light 
radiation.  The  flame  slill  continues  to  produce  radiant  licat,  birt  now. 
in  addition,  some  radiation  is  also  produced,  which  can  be  recognised  !>)' 
our  eye.  Thus  while  visible  nidiant  energy  will  be  called  light,  wc  shall 
in  this  portion  of  the  book  also  examine  the  phenomena  due  lo  invisible 
mdinnt  energy,  which  is  physically  of  the  same  nature  as  the  light  radia^ 
tion,  hut  for  the  recognition  of  «liich  wc  have  no  special  sense  oigan, 

823.  Rays— GeometPical  Optics— Physical  Optics.— We  shall  see 
that  in  an  isotii^pic  mcdjum  li^hi  is  ptopag.ii'.d  in  straight  lines,  and  is 
due  to  a  wave-nioiion.  (A  hne  dmwn  so  ss  lo  represent  the  direction  of 
propigaiion  of  ihc  light  proceeding  from  a  luminous  body  is  called  a  ray.'") 

Starting  han\  the  observed  fact  thai  tight  travels  in  siriiighi  lines,  and 
ibe  laws  of  reflection  and  refraction,  il  is  possible  to  deduce  a  number  of 
imercsling  results  which  have  a  diiccl  Iwaring  on  optical  phenomena  by 
mere  niailiemaiical  or  geometrical  methods.    The  subject  of  light  con- 

1  TheHotJ  raylinlio  m«!  to  iignlfy  "  kind  of  radiwion,"  Thusweitieakntlie.-it 
r«yi,  rrd  raji,  blue  ray\,  Sie.,  meininj:;  radiont  heat  am]  rsilialion  whieli  produca 
tin  tonwtiun  of  ttil,  UuE,  &c 
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sidercd  in  this  way  is  KcncniDy  called  Gcomciricil  Optics.  In  gcomcirica? 
opiicit  no  in(|uiry  is  mnde  as  to  ihc  nature  or  cav-v:  of  l>)^)it,  n«li1icr  is 
Any  ciplanntlon  fortlicuniin),'  of  (]ie  tectilineur  prtip.iti»i"n  ul*  li^ht. 
TbcM  niatlcn  come  w'llliin  ^li«  M.-upr  of  unmher  bnincb  of  iliv  subjirct, 
called  I'liysUat  Opiics.  In  ihe  (ollowinj;  pa){c«  we  shall  commence  by 
using  tlic  methods  of  Rcomctrioal  optics.  HuvinK  in  this  nay  obtained 
a  c«nain  Cimiliatily  vith  some  of  the  simpler  phcnomeiiA,  «'«  sh.ill  then 
be  in  ;>  position  to  consider  the  pltysicat  nature  of  these  phenomena. 

324^  Reecilln«ftF  Propagrallon  of  LlKht-Shadows.— The  bet 
llial  under  onliniir)-  drcumstiinces  li^ht  is  propagated  in  iilrai^bt  lines  is 
tskcn  for  grunted  by  every  one  in  common  life,  for  u*e  always  assume 
llwt  a  body  exists  in  ihc  direction  of  the  rays  of  light  wliicli  enter  our 
«yc,  Tlic  simplest  proof  of  the  rectilinear  pii>pai;utii>n  is  afforded  hy  Ihc 
formation  of  shadnivs  fat  It  is  found  that  the  cd);e  of  the  shadow  of  a 
body  formed  by  it  point  tourte  of  light,  such  ms  a  pin-hole  in  a  dark 
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dhimer.  iIm  cdffe  of  the  object  «nd  the  Kiurcc  of  Ught  arc  alt  in  a 
strai|;ht  line. 

In  order  to  find  the  fonn  of  tlie  shadow  cast  by  a  poini  wurtre,  we 
have  only  to  dravra  nuinberufsiiaixbt  lines  from  ilie  source,  so  that  they 
all  touch  the  edf,"*  of  the  object.  Where  these  lines  uicel  the  screen 
nill  be  points  on  ibe  edjje  of  the  shadow.  If  the  source  of  liffhl  has 
ui  )i|iprecinble  mai^itude,  bowevvr,  we  do  no<  |^t  a  simple  shadow  of 
untftNtn  btackncss  wilh  a  sltarp  outline.  I.«t  aii  {V'tj".  180)  be  a  luminous 
object,  say  the  sun,  and  CD  iIm  body  ibat  casts  Ihc  sltadow,  say  the 
moon.  Tben  if  we  consider  a  point.  A,  of  the  lomtnous  body,  Ihc  shadow 
CMt  by  this  point  on  a  scieen  at  VS  would  be  al  HK.  In  llie  same  way 
the  shadow  msi  by  the  pmni  n  would  lie  oi.  All  intcmvcdiale  points 
woiitd  cast  sliadnws  situated  betoYrn  ct  and  K.  It  will  ihtis  be  seen  iha 
tit  will  )<e  the  only  pott  of  the  screen  vhich  is  completely  in  shadowy! 
iV.  screened  from  ll>e  whole  n(  the  lumiiKMis  objecL  This  part  of 
•hadnw  is  iherefme  called  the  umkr,t.  The  teat  tif  the  shadow  is 
complciely  tUtk,  but  gets  darker  and  darker  from  the  outside  10  the 
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edge  «f  the  umbm.  Tlii*  port  of  ihe  shadow  is  vatlet!  the  pemimAra. 
In  the  case  of  the  moon  and  earth,  it  is  only  when  the  eanh  enters 
niihin  the  cone  CMtJ  that  a  tolnl  ccli[we  lal;c(  pl.ice  ;  when  it  enters 
wilhin  ihc  penumbra  ihe  cclijwc  is  onij'  pnrlini,  since  from  any  jminl 
within  the  penumbra  ^Itaight  lines  can  be  tiiawn  touching  ihc  objen, 
whirh  will  inicrMUt  ihe  source  of  light,  and  so  pan  of  the  source  will  lie 
visible  ftoni  iiny  siKh  poifil, 

32S,  The  Pln-holo  ClUnera.— The  wurkiiiK  uf  the  pin-liole  camera 
depemli  on  the  rctiilincar  prop;ig4tion  of  light.  II  a  %ma11  hole  is  maile 
in  an  opaque  screen,  and  a  luminous  object  is  placed  oo  one  side,  and  a 
whiif  strccn  on  the  other,  an  inverted  image  of  the  luminous  object 
will  Ix!  formed  on  the  screen.  Each  luminous  (loint  of  the  object  A  and  B 
(Fig.  i8i)  will  form  a  small  round  pnidi  of  light  on  the  screen :  and  if 
thf  hole  is  so  small  that  ilicsc  patches  nf  lljjht  do  not  very  nuith  overlap, 
Ihcy  »il|  build  up  an  inin>;c  of  ihe  object,  which,  as  is  shown  in  the 
figure,  li  inverted.     It  is  imporum  to  note  that  the  imnge  will  l>c  formed, 
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whatever  mny  be  ihe  relative  distance  of  the  object  and  screen  from 
the  pin-hole,  so  that  in  this  particular  we  have  an  important  diHercncc 
bcluTcn  ihc  imajifc  formed  in  this  way  and  that  produced  by  a  lens  or 
mirror  (§§  337, 338).  If  a  srcoml  pin-hole  were  mad<^  neat  ihc  tirsl,sa<r  at 
P, «  second  imaRC  would  he  produced,  which  would  p.inly  nveilap  the  firet 
ima|;c  In  the  same  way,  if  a  nuiii1>er  of  holes  ucre  made  surrounding  o, 
instead  i>f  a  definite  iraat'c  wc  should  «.iinply  have  a  blur  produced  by 
the  partial  superposition  of  all  Ihe  imajips.  This  expt.iins  why  it  is  that 
it  is  only  H'ben  the  pin-hole  is  small  that  any  sli.iip  image  is  obtained,  for 
a.  Iat>;e  hole  is  the  ccjuiva lent  of  a  number  of  pin-holes  (lo4e  together. 

326.  AxstimpUons  u  to  the  Nature  or  Light.— Wc  shall  in  a 
suhseciucnt  section  describe  experiments  to  prove  that  light  tnivcls  with 
a  finite  velocity,  and  others  which  show  that  it  is  of  ilic  nature  vf  a  wave- 
motion.  Since,  however,  for  the  full  grasping  of  these  experiraenia  a 
koowlcdi!*  of  tbc  laws  of  reflcrtion  and  refraction  aitd  uf  Ihe  elementary 
properliM  of  mirrors  and  lenses  is  Te(|uireH,ihe  description  of  them  11  for 
the  prcMni  postponed.     We  shall,  Dcvcnhelus,  in  the  following  sections 
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assume  ihai  liglii  con^'rstt  of  n  wnvtr-moiion,  and  ihni  ihe  vclofily  will) 
which  tlw  liiihi  wave*  move  t*  riiffcrcni  in  dilfcrcnt  media,  ami  on  ihesc 
iL»unipiion«  u*c  shull  cun^iruct  ripUnaiions  of  ilic  simple  phenomena 
(rf  reflection  and  refraaion.  Thus  alien  considtriiiK  ll>e  piopenies  of] 
mirrors  and  Iciwe*  wc  shall  not  only  uc  ilie  inellicHi  of  ilie  older 
Geomctncnl  opiici,  namely,  (he  method  of  n)^  but  in  addition  we  ihatl 
«omciinies  lake  at  our  stiiitinj(-point  the  wa\-e-fTi>nt  (S  37:}  at  any  |{iven 
instant,  iind  llicn  by  MuyghcnR'»ci>n»ttureion(S  573)  weshnll  Imrpoul  the 
form  of  tlie  w»ve-front  at  subsequent  limes.  These  two  n>cihodB  tA 
viewing  tlic  phenunienn  arc  essentially  Ilie  same,  for  the  rays  are  every- 
where nt  rit;ht  anKle«  to  the  curreb ponding  wave^froni-t;  but  ii  i»  never- 
ihelMS  of  use  when  emptoyin};  ilic  nicihod  of  rays  to  ha*"*  in  o«r  mind's 
eye  ll»c  rorrespandiiii;  wnvc- fronts. 

327.  Cui>Tature  of  a  Surface.— If  we  haveadisturhAnce  produced 
at  a  point  within  an  is«(roi)ic:  medium,  tlie  w.ive-fronw  will  be  uphercs 
with  the  point  ax  rcnire.  If,  hnnc^vrr.  the  medium  U  not  isotropic,  the 
form  of  the  wave-fmni*  will  in  (rcncml  he  dilTercni.  In  the  following 
pages  nc  shjili  nimnft  «xrlus<ve)y  dejl  nilh  spherical  or  plane  wave- 
ftunts.  [f  we  have  a  siirftce  which  i«  not  a  sphere,  and  at  any  point 
on  thi»  suriace  draw  a  sphere  louehiiiK  this  sur&ce,  then  fur  parts  of  the 
nir&cc  in  the  immcdinte  ncitfhbourhood  of  this  point  we  ntny  suppose  the 
SDriilcc  rcplniccd  \vs  thai  of  the  sphere.  In  the  santc  wuy  we  can  driw  a 
circle  to  touch  any  plane  cun-e,  and  for  points  near  the  point  vX  conlact 
the  cinrle  will  coincide  with  the  cwrve. 

Let  AU  (F){,'.  it!:)  be  a  portion  of  a  cunv,  and  at  the  points  a  and  b 
draw  two  laniicnis  to  the  mite.  Now 
at  ill*  point  A  ihe  direction  of  ilic  nine 
is  that  of  the  t-ingrni  at,,  while  at  H 
tbcdir('Ctionofthecurveisr<Tr  Hence, 
wlien  we  pa«  from  a  10  b  tlie  dircciion 
of  the  curve  i'liant.'e»  by  an  antik- 
AI»T,or  t).  Let  the  length  of  the  cune 
between  a  and  b  be  R,  then  the  talr 
of  change  in  direction  with  dulance 
measured  nlMig  the  curxc  is  0's,  aivd 
this  it  called  llic  turvatur*  at  ilie 
atn*  lictwecn  A  and  a  If  Ihc  curre 
ia  It  circle  with  iti  centre  at  C,  the 
angle  Acn  is  equal  tn  the  angle  T,t>T^  for  the  nulii  are  at  rij;hi  an^^ies  to 
the  liin^enls.  Let  r  he  the  radiin  of  the  circle,  Ihen  the  lenj.;;h  of  the  arc 
AB  is  rO  [g  14).     Hence  the  airvnture  of  ihc  cirdc  is— 

ttirVn*  l>. 

Tbui  the  cuTTalure  of  a  circle  is  mmerically  equal  xa  the  reriprocn]  of 
the  tsdtm. 
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In  (he  cue  t>f  uty  other  curve,  if  lh«  tangent  circle  is  drawn  at  any 
point  ihc  curvature  of  ihU  circle  is  ihe  reciprocal  of  the  nulius,  ;incl  as  i 
circle  ocuncidei  H-lth  the  curve  at  the  (:ivcn  point,  this  also  itieasurei  tb 
carvuture  of  the  fur>'t  in  tlie  inuDCctrute  ntlghbourliood  of  this  pinnt. 

When  in  ihc  place  of  pUoi!  turvi'»  we  ate  ilfalint;  miih  surfaces,  the 
xamc  method  ii  cmp!o)>e<!  to  iiic;iiurc  the  curvAlurc,  namely,  the  cun'ature 
at  any  point  is  equ.il  to  the  rcciprncal  of  the  radius  of  the  sphere  which 
(ouches  the  surfa<«  Hi  that  point 

(The  ladius  of  the  lAniicni  circle  or  sphere  is  caUcd  the  rudinf 
(tfrfaftirf  o(  ilie  curie  or  surface  re«))ecii\-cly,\nliile(tlie  ccatrB  of 

»  circle  or  sphere  is  callcil  ilie  etn/rt  ol  euryatitrf^) 
In  ih«  case  of  a  ware-front  we  have  to  distinguish  two  cases 
namely,  acrordins  as  the  <lirection  io  which  the  wave  is  moving  1) 
towards  the  conca^'C  or  convex  surface  of  ili«  wave.  We  shall  lake  the 
^  curvature  of  a  wave  to  he  pnsiijve  nhun  ii  is  moving  lowartls  the  centre 
of  the  tangent  sphere.  Tlius  the  curvature  of  the  spherical  wave-surface 
produced  by  a  itiiUiibance  at  a  point  in  an  isotropic:  medium  ii  ncftativc. 

328.  IinaK6$>  —  If  a  wave  lias  a  positive  curvature  it  is  moving  toward)! 
the  centre  of  a  circle,  and  if  tlic  iTic<lium  lietween  the  wave'froni  and  thfti] 
centre  of  the  circle  is  isotropic  the  wave  will  converge  on  this  ccntic,  so'^ 
that  at  a  c«nnin  instant  the  wave-frunt  will  lie  reduced  to  a  point.     Undet 

j'     these  circum;  1:1  nets  the  wave  is  said  to  come  to  n  rc.il  fimu*,  or  to  produce 
a  real  image  at  the  point. 

If  I>y  reflection  or  refraction  a  wavo.front  of  negative  curvature  ia 
produced  such  that  the  centre  of  curvature  doci  not  coincide  with  thftj 

yj  point  where  ihc  wave  was  orif^inalcd,  the  wave  will  travel  as  if  it  canie 
from  this  centre,  which  is  called  a  virtual  ftwrtts,  or  virtual  iinage- 
,  Since  the  rays  are  always  at  risht  angles  to  llie  wave-fronts,  a 
spherical  wave-front  of  positive  cun-aluro  corresponds  lo  a  pencil  of  rays 
which  con  verge  10  wartis  a  point,  this  point  being  the  centre  of  curvature  of 
Ihe  wave-froni.  Thus  a  real  image  is  produced  when  the  rays  of  light 
which  liave  started  from  a  luminous  point  are,  by  reflection  or  refraction, 
caused  to  pass  ihtou){li  a  second  poiiii,  this  point  being  the  teal  image. 

In  the  same  way.  when  tlie  rays  proceed  :i»  if  the>-  came  from  a  point 
other  than  Ihe  actual  source  fron)  which  ihey  do  proceed,  this  point  is 
called  a  virtual  image. 

In  the  case  of  a  teal  image  the  waves  and  the  rays  actually  pass 
through  the  image,  while  in  the  case  of  a  virtual  iniatjc  the  «aves  ne\cr 
actually  pass  through  the  image  ;  they,  however,  proceed  as  if  they  had 
been  proiduced  at  the  image,  and  had  then  moved  out  in  ever-widening 
spheres  in  an  isotropic  medium.  En  a  virtual  unagc  alio  the  tiiys  never 
actually  pass  through  the  image  ;  iheir  direction,  however,  is  such  thai  if 
they  were  prolonged  Ati-ihriirrft  they  would  pass  through  the  virtual  itnagt^ 

329.  Laws  of  Beflectlon.  —  The  fact  that  Iwidics  which  are  not 
thetilselvcs  luminous   are,  wlicn   illuminated,   visible   in   all   directions. 
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(hows  ilui  tbcf  muM  be  mpaUc  of  reflecting  lighl  in  all  direclion*,  for 
il  i»  by  thpse  reflected  tays  tlijt  we  are  ublc  to  lee  the  body,  Stich  ray*, 
whirh  are  reflected  from  a  body  in  nil  direaions,  and  which  oftrn  differ 
in  many  vi.iys  ^"<'h  >»  colour,  from  ihc  incideoi  li|thl,  ftrc  uid  to  have 
undergone  diffiiMd  rcAcdinn- 

Wben  a  beam  of  light  is  incJdeiit  on  a  well-polished  mirror,  it  under- 
goes diiliised  rellection  lo  only  a  very  small  degree,  tlie  grealer  part  of 
the  tight  bcinc  rctteclcd  in  u  lingle  direction.  This  li)!ht  n  said  to  have 
underline  rejculnr  refkciion,  and  we  now  proceed  lo  consider  the  lam 
that  govern  rcRiilBr  refiection. 

(The  potni  where  a  ray  of  IiKhl  >irike«  a  luiTTor  is  called  the  point  o(_ 
incidcnocj  If  through  ihc  point  of  incidence  n  line,  called  the  normal,  is 
<ltawn  at  right  angles  lo  the  reflecting  surface,  l)ie  angle  the  incident 
ray  ninl;et  with  this  line  i*  called  tlw  angle  of  incidence,  while  ihc  angle 
the  reflected  lay  mokct  with  the  normal  l<  called  Ihc  angle  of  reflection. 
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Tltr  pticnnn>rnn  of  tegular  reflcciinn  may  Iben  be  summed  up  in  the 
foUowing  t«'i>  laws  : — 

I,  The  Inodeni  ray,  ihe  iKHrmal  to  the  reflecting  surface  at  the  point 
of  incidciKc,  and  the  rcfteci«d  ray,  lire  all  in  the  umc  plane.  .' 

J,  The  angle  of  reflection  is  equal  to  ihc  angle  of  incittence.  ^ 

The  \*tr%  of  refleclion  are  proved  wheDck-er  an  "artificial  1u>Hn>n''i9 
uietl  for  ilciermTnintc  the  altitude  of  a  >tnr,  j>.  the  angle  titclnded  by 
KiraiKhi  lines  drawn  in  a  vertical  plane  lie«n  the  olioerver  In  the  star 
aitd  to  il»c  horiton.  A  teleacopc  T  (Fig.  sSj),  n^o^■ahle  in  a  vertical  plane 
about  a  lioriionial  axle,  is  lumecl  to  observe  a  ri>ed  star  %,  when  »een 
diiectly.  and  the  reading  on  a  vrrlical  <liv>iled  cirilc  is  taken  Tlie  iclc- 
scope  i»  now  turned  down  till  the  ttar  b  again  seen  in  the  irlc^cope,  but 
ibi*  time  after  refleciioo  at  ihe  surface  of  uimc  mercury  in  an  open  dish 
M-    Since  iIm  niibce  of  (he  mcrcur)'  Is  horironial,  the  normal  at  O  is  in 
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IImt  vertical  pUn«.  As  the  trlrscnpc  nwvcs  ;iboin  n  lioHtuolal  axle,' ilie 
|)lanc  in  wliith  it  ii>o»-o»  is  vcilical,  anil  hence  llic  two  ruya  st  and  ut  are 
both  in  thi*  vcnicul  |>lan«.  TIk  incident  ray  s'o  'n  also  in  ihii  pkiivc,  for, 
since  the  star  is  at  Mcli  un  eiiunnuia  disliiiwe,  the  rays  sr  da4  s'u  an 
paniltcl.     Mcnt.'e  the  fint  law  is  veri(ie<I. 

To  prove  the  accurac)^  ot  tbe  Kcoond  law,  a  disli  of  mcrcuf;  is  placed 
iinmcdUtcly  below  the  tc)cxcop<-^  which  i*  then  turned  till  it  t&  »(  rigjlil 
an^fln  lo  ilir  Kiii&ce  of  ihe  mercury.  Thik  4(]juumcnt  ii  made  by  seeing 
when  the  imaj^e  ot  the  cmts  wires  of  the  lc1eKx>pe  seen  rclocted  in  tbe 
mert-ury  suKace  cotnrides  with  iIk  cross  wires  ilwnifcltie*.  Tlie  circle 
aitacheil  to  the  telescope  is  then  read,  thus  giririK  tl>c  readiuy  nben  ibe 
IcleSL'Ope  iipoiulin^  vertically  dounnurdi,/.r'  iMmnal  to  theuir&ccoftlK 
ineicuiy  at  P.  Next,  the  circle  is  read  when  lite  iina);e  of  llie  star,  as  mcb 
directly  and  as  »cvD  after  tcAcction  in  Ibe  mercory  in  U,  cotncides  wiib 
the  intersection  of  the  cross  wires. 

Cnini  these  rcndio];!  the  value  nf  tlie  angles  I**  t^  arid  ITO  ran  at  once 
lie  deduced,  and  tbey  arc  found  to  lie  cqitaL  llui  since  ri^  is  a  vertical, 
it  is  parallel  to  the  nomul  ox.  aiM)  iltcrefore  the  angh]  Pro  is  equal  to 
the  angle  TON,  and  the  an^c  r'rs  is  equal  to  ll«  anijle  S'oN,  since  ST  b 
parallel  to  b'o.  Hence  Uk  angle  TON  is  eqiut  to  the  aitgle  ^OX,  and  ilw 
scitind  law  of  rejection  is  verified. 

330.  Reflection  at  a  Plane  Surraoe.  —  We  have  in  §  174  coo- 
lidetnl  the  reflection  of  a  plane  wave  at  a  plane  surrace,  and  we  have 
now-  lo  pass  on  to  the  cases  when  the  inci<lcni  wave  is  spherical,  thai  is 

is  pnurr- .  11 

a  point  •-!  r, 

or,  as  it  'a  x<'iMrnUiy 
railed  in  npiics,  a 
point  loan's  or  nb- 

Jk,  >    ^1"^      1     mT""]    t\/\./        l>e     tile     InmitMWs 

EX.  .   y    ;    ;     Ml       :      :     'W\7f         P<»nl,  and   K«r  a 

seciion  of  the  ttiii^ 
ror.  1^  cm.  be  a 
wafC-front  oliidt  b 
JufI  loaL-liinj;  the 
mirror  at  u,  and 
t^M'tt'  be  the  p«MJ- 
tion  H'bitit  tbe  same 
wave  -  ftool  wtKtId 
occop)-  at  a  time  t  klcr  if  no  mirror  were  pic«nl.  We  may  con- 
sider  that  as  c*ch  portion  of  the  incident  wavc-fnini  leatbcs  tlie  inirnir 

■  1l>i>«>n<l4lanU>ucurKlbrsnnsoraMriillnt;leMl«>tiidi«aMi<aillB'innnuo 
whidi  cMTT  itM  lelaoipc. 
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it  becomes  ^hr.  centre  of  a  new  (IUliiihfin<«  which  tf  propagatMl  back 
nvio  the  medium,  and  ilicn  find  ih«  new  vavc-froni  by  Huyghcns's  con- 
ilraciion  (S  373)-  Thug,  to  hnd  tbe  positUin  of  the  rcl^vctcil  wave  at  ttie 
ihnc  A  v<c  describe  frani  each  point  of  ef  a  circle  touching  Ihe  arc  Eir'F, 
and  ihc  common  mngent  to  all  Uiese  circles  wiJl  be  the  rel^cctcd  wave- 
from.  In  the  time  /  the  reflected  »-a»c  will  travel  from  M  throucb 
a  fliUiince  eiiual  to  >tM'.  and  it  will  reach  thf  point  M",  where  MM" 
ii  equal  (u  UM'.  In  tli«  tauic  way  the  point  K  on  the  incldeni 
wuve  HOuld,  it  there  were  00  reflection,  travel  to  H'".  It  is,  however, 
reltected  aX  K*,  nnd  in  Ihe  remainder  of  the  lime  /  a  nbic  to  travel  over  a 
distance  H'H",  which  a  ctjual  to  h'h'".  In  the  same  way,  it  can  he  shown 
that  the  rel!ccted  disturbancci  arc  all  circles  louchlnji  the  ore  KU'r, 
Hence  the  reflected  wavc-suiface  k*l"»'  is  also  an  arc  of  a  circle  of  the 
Hme  radius  as  the  circle  c'M't>'.  If  !■'  is  the  centre  of  the  circle  of  which 
KU"r  is  an  arc,  KM  is  equal  10  VM,  for  the  radius  l^M"  is  equal  to  th« 
radim  i'm',  and  mm"  Is  equal  to  mm'.  Thus  v'  is  the  ima^ic  of  the  point 
p  pioducc-d  hy  letlcciion  in  the  miiror  ab,  »nd  »incc  ihc  waves  do  i>04 
actually  pa3«  tliruugh  p*,  but  only  proceed  after  reflection  as  if  they  had 
originated  at  I^,  the  image  1:1  virtual 

Since  f.T  imichcs  the  circle  cmd,  the  line  PM  is  perpendicular  to  EF. 
Thus  the  inMgc  1^  is  situated  on  the  line  drawn  fnim  the  luminous  poinl 
«I  ri^hl  angles  to  the  mirror,  and  ii  as  far  behind  the  mirror  as  the  objcci 
is  in  front. 

The  posiliofl  of  llie  inta^  formed  by  rcDociion  in  a  plane  miiror  can 
be  deduced  fiMn  the  law»  of  reflection  simply,  without  any  assumption  as 
to  the  nature  of  light 

Thus,  as  before,  let  .\B(Kig.  3 $5)  represent  ibe  trace  of  a  plane  mirror 
which   is   pcrpcndicTilar   to  the 
plane  of  the  paper,  and  ¥  be  the 
luminous  point  from  which  raj's 
of  light  ate  proceeding  inalldircc- 

ilions.  LetPMibcaraypioceeding 
I  p,  wtiich  ia  reflected  at  Mi. 
'  reilected  ray  will  be  along 

[H,<Jt<  where  the  angles  fm,n~, 

yO,U,N  are  eqtial.  In  the  same 
ny,  the  rays  ph,  and  cm,  will 

[;tM  icAecied  along  u^  aodM^ 
lively.    Now,  if  the  diiee- 

tlkw  of  tfane  rajn  be  pcudnced 

•  iMckwanlt  behind  the  minor,  it 
wilt  be  found  that  ibcy  all  in- 
tcnect  at  one  point,  K.  lliits, 
afler  reflection  at  the  plane  tnir- 


1^ 

N'    P' 


ror  AB,  ifae  nys  nf  light  |>raceed  In  tlte  same  directions  that  they  would 
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supposing  ihe  mirror  were  removed,  mid  a  liiminnus  point  wetrc  ptoced 
at  P*.  Thus  llic  point  r'  i«  ihe  imagt  of  r  fomic"!  by  rcRcclion  in  ihc 
mirror  AU,  and  a«  t)ie  rfrllccicd  jvfi  do  no[  actually  paf«  thioiigli  the 
image,  but  it  \%  only  ihi^ir  directions  when  produced  backwAtds  tliat  pass 
through  ill*  linage,  the  image  is  -•irlHoi. 

In  otttcr  to  find  the  jinsilion  of  the  image  P',  we  may  proceed 
foliowi  :  I!y  the  law  of  reflection  the  nonnnl  ray  pM  musl  be  rcilecti 
hack  along  the  nomial,  and  hence  the  line  I'MP*  must  be  nonnal  to  llie. 
minor.  By  the  ».-imc  law  the  anfilc  I'm,n  i^i  equ.il  to  the  angle  Q,M(N, 
which  IB  itself  equal  to  the  angle  n'MiI^.  Hence  the  nn^lc  I'M,m  ik  equal 
to  the  angle  1''M|M.  The  an^'les  PMM,  and  p'mm,  are  also  equal,  each 
bein]^  a  li^hi  angle.  The  t  no  i  Hang  lei  PM,m  and  i>'m,m  h&ve  therefore 
one  side  common,  atid  two  angle*  of  each  equal ;  they  arc  therefore  eijual 
in  all  respects,  and  the  side  PU  \%  cigual  to  the  side  p'm.  Tlie  tmagftl 
P*  is  therefore  on  the  pmlongation  of  the  nonnal  to  the  mirror  dmwn 
through  llie  object  p,  and  is  as  far  liehind  the  mirror  :u  the  object  is 
in  front. 

In  the  case  of  a  luminous  object,  as  distinct  from  a  point,  which  may 
either  itself  be  a  source  of  light,  such  as  a  candle  tiame,  or  simply  appear 
luminous  from  the  light  which  it  reflect*  in  a  ctiiTliire  manner,  each  jioint 
produces  its  own  image  according  to  the  above  law.    I'hus  the  image  of 

the  arrow  r-i)  (Fig.  286;  in  the 
plane  mirror  Ati  is  at  P'y'.  To 
an  eye  placed  at  i-:,  the  object  as 
seen  by  reflection  would  appear 
to  be  at  p'q'.  for,  as  shown,  Ibe 
pencils  of  rays  which  enter  the 
eye  diverge  after  reflection  ax  if 
Ihey  came  from  the  correspond- 
ing points  of  the  image,  and  il 
is  hy  ihe  direction  of  the  rays 
ai  Ihfy  enli-r  Ihe  tyf  that  we 
judge  of  the  position  of  a  lumi- 
nous body. 

If  from  E  Ihe  object  PQ  is 
viewed  directly,  the  point  of  the 
arrow  appears  turned  towards 
the  left,  while  in  the  image  the 
point  [^)  appears  turned  to- 
wards the  right  ;  the  image  has 
ihercforc  undergone  pcrvcraion  from  1  ighl  to  left.  This  perversion  by  in- 
flection is  very  clearly  shown  if  »ome  writing  is  blotted  when  wet  on  « 
clean  piece  of  bloding-papcr.  In  this  way  a  pcnened  copy  of  the  writing 
is  obtained,  and  on  holding  this  up  before  a  plane  mirror  the  image  is 
perverted  and  rhe  wiiiing  becomes  at  once  legible. 
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33i.  Rotation  of  a  Piano  Mirror.— Appose  th:it  a  ray  of  light  from 
the  poinl  P  (Fi)j.  287)  meet*  the  plane  niiiror  Alt  in  the  point  M,  and  it 
rcAc<:icd  Along  MQ,  and  ih.nl  ihc 
mirror  is  th«n  rotated  nimind 
.1(1  axis  at  right  angles  to  the 
plane  of  incidence  thrDU};h  an 
jragte  a  into  the  position  a'b*. 
The  ray  pm  will  now  be  teflecied 
aloRj;  mq',  And  wc  rciiuire  to 
find  (he  relation  beiween  the 
angle  qmq'  or  H.  through  uhich 
the  reflecicd  ray  liAi  been  ro- 
uted, and  the  an);le  s,  throuj^h 
wliicli  the  mirror  ban  been  ro- 
tated Let  MN  nnd  MN'  be  the 
tiotmiih  at  the  point  M  to  the 
mirror  m  it*  lu-o  positions,  then  the  .nii^te  NMX'  n  equal  to  a.  Also  by  the 
Uwsof  lefieciion  the  angle  pmn  ii  mjuuI  to  the  angle  SMtj.  and  the  angle 
FMS"  is  equal  to  the  angle  x'.mq'.  Therefore  the  nnKte  PMQ  is  e()u.il  to 
twice  the  angle  PUM,  and  the  angle  pmq'  U  equal  to  twice  the  angle  pmn'. 
Hence  the  anj^  jS  is  equal  to  3(pmn-pmn').  But  the  anjiile  NMN'omiK 
•({ual  to  iimk-PMK'.  Hcnoe^— In.  or  the  reflected  ray  has  Iwen  turned 
dvough  twice  the  angle  through  whidi  the  minor  ha*  been  turned. 

We  may  regard  this  problem  in  a  slightly  different  manner.  Let 
O  (Fig.  i38)  be  the  piunt  about  which  the  nvirror  turns,  then  if  a  circle 
be  described  with  o  as  centre 
and  fip  as  radius  *«  »l<all 
show  that  whaievcr  the  posi- 
tion of  the  mirror,  the  image 
of  P  will  lie  on  this  cirtfe  Let 
AB  be  a  position  of  the  mirror, 
then  if  P*  is  the  inuge  of  P, 
wc  have  that  PP*  is  perpen- 
dicular to  AB,  and  that  pm 
—  p"*!.  Hence  in  the  two  tii- 
aaglM  0PM  and  oP'u,  the  ih-o 
sides  OH,  UP  of  the  one  are 
equal  to  the  two  sides  OM,  Ui^ 
of  the  other,  aiKl  the  indiide<l 
angles  are  equal,  ra<'h  bring 
a  right  angle.  Hence  tlie  iri- 
anglrs  are  equal  in  alt  respects, 
and  DP  is  equal  to  op*,  hence 

^  is  on  tbc  circle  de^ierihcd  with  o  as  centre  and  op  as  radiua.     Let 
aV  be  another  pocition  of  the  mirror,  and  p"  the  itoage  of  P,  then 
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we  can  show  just  as  before  that  F^'o^OP,  and  hence  F"  mutt  be  on 
the  rirrle. 

Since  I'M  luul  pm'  Are  the  nonnalt  la  the  mirror  in  the  two  pogi- 
lions,  ilic  anfilc  M'i'M  or  f''F?'  is  equal  w  a,  and  by  a  well-known 
propcilji  of  the  cirflc,  ihc  anjjic  i*"or'  subtended  by  the  arc  i>"f'  at 
the  centre  i*  twice  the  angle  p''1'P'  Kiibtendcd  by  the  lame  art  at  a 
point  on  the  citcuinfcreiKC.  Hence  the  an^k  p"ot^  is  za,  -so  that  when 
the  mirror  turns  through  an  Angle  a,  the  lino  joiniuj;  the  axis  of  rota- 
tion to  the  image  turns  ihrou^-li  ikn  an^'lc  Za.  Now  if  Po  is  an  incident 
ray,  then  oq  and  Oq'  will  be  the  relletied  rays  in  the  two  position!,  of 
the  inimir.  Hence  the  an^le  qoq' included  between  the  two  rcllcctcd 
rays  is  2a. 

332.  Use  or  a  Mlpror  and  Scale  to  Measure  an  Angle.— Use  is 
very  frequently  inaiic  of  .i  mirror  to  incftsuic  the  angle  ilirough  which 
a  body  routes,  si ikc  we  virtually  ^ct  by  [his  method  a  weightless  un< 
bencialile  pointer  of  whatever  length  we  please. 

Suppose  Ai'.i!'  (f'ij,'.  2^1))  to  be  »  scale  divided,  iny,  into  miilimctreg, 
;iiid  that  .-It  a  diMance  li  fiuiii  the  «cale  is  pLiccd  a.  minor  M,  which  ran 

rotate  about  an  aiiis  jicrpendi- 
gl  cular  to  the  plane  MAIi',  <r.  the 

plane  of  the  paper.  Let  MN  be 
a  line  drawn  from  the  centre  of 
the  mirror  noimal  to  the  scale. 
If  a  ray  of  light  is  incident  along 
I'M,  it  will  be  reflected  along 
MB  when  the  mirror  is  in  one 
position,  and  along  me'  when 
the  mirror  Is  rotated  through 
an  angle  n,  and  we  have  seen 
that  the  an^ile  bmb'  is  ec|ua] 
to  2a. 

Calling  the  distance  on  the 
scale  Iwtwccn  the  points  B  and 
b',  where  the  redeaed  rays  cut  the  scale  and  the  point  s,  d  and  rf*, 
and  the  angle  BM.*<  0,  we  hat-e  :— 

d  rf" 

jj^ian  ff  and  7J='li«>  (ao+d). 

Hence,  knowing  </,  d,  anil  /',  we  cnn  from  a  table  til  tangents  ca1> 
culalo  the  value*  of  the  angles  ff  and  111+ ff,  and  hence  get  a.  Thus 
if  the  mirror  ^t  is  aitaclicil  to  a  b<Hly  which  lan  rotate,  we  can  obtain 
the  angle  through  which  it  rotateii  from  the  rc.idings  on  the  scale. 

If,  instead  of  being  straight,  the  scitlc  is  curved  so  as  to  (btm  part 
of  ft  circle,  having  the  mirror  at  its  centre.  t)icn  the  difference  of  the 
readings  for  (i  and  n',  divided  by  the  rudlus  u,  will  give  the  value  of 
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the  angh  ta  in  dnrutar  measure  (i  14)  i  and  l>cnc^  knowing  iIk  number 
of  d«:),'rc«  in  ilw  unit  anglv  in  circular  nKa>ur«  (radian),  iIk  ai^jlc  a  can 
be  ubminc<l  in  iltgrccs. 

If,  mbcn  uiiiiji  the  stmiisht  suile,  the  disiancr  r>  between  tlie  miiror 
.ind  the  u-.ilc  it  very  great  cam)iarcd  to  the  Icnclhs  Nil,  Nb'.  both  llie 
anglcc  0  and  tf+ia  are  very  tmnll.  Mcm-c,  »incc  in  the  (uim;  of  irery 
small  uii};les  the  angle  (}n,  circular  measure)  it  equal  to  ihc  tat^cnt 
($  \A\  •«  have 

^-dai,<lC-a-+fl- 

Tbererore  a—} 

;  if  wc  expfcw  ■  in  degrees, 

-    90 


D 

tf-d 
IT' 

o  ■ 


S33.  ThO  SaxUuiL— The  principle  tliat  the  rdlerlcd  ray  \*  turned 
tliTOUgh  t<i>ii:c  llie  .tnjilc  th.tt  t)i«  mitmr  i->  turned,  is  made  use  i>f  in 
the  KXlaill  (o  musurc  (lie  ^in^le  tubtended  at  the  otxurrver  by  Iwa 
dttlanl  ubjeclt,  My  the  sun  and  the  hurUun.  The  icxtanl  conxiiis 
esMfitially  of  two  mirrors,  one  of  which,  A  (Fig,  390),  is  fiaed,  while  the 


Other,  B,  is  movable  about  an  axis  at  right  angles  to  the  paper,  tlie  aogte 
through  which  it  is  turned  being  rend  by  means  of  a  vernier,  v,  and  a 
gntdiiaied  circular  arc  lie  The  upper  part  of  the  mirror  a  hui  ihc 
nivcr  rema^'ed,  la  ibai  it  is  traniparmt,  and  a  telescupc  T  is  m>  pLuvil 
that  half  llic  lighl  that  enters  the  o)>ject-glaw  c<Ki>et  Ikroti-ih  the  upper 
part  of  Ihc  mirror  a,  and  the  rest  is  light  whicli  has  been  refleticd  tn 
the  loircr  pan.  .Suppose  s,,\  is  a  my  of  light  coming  frnvn  a  distant 
nbjecl,  ithirh  traverses  \  and  enters  Ibc  Ick-nrope,  and  thus  helps  lo 
produrc  an  irnage  of  the  object.     Now  the  movaUc  mirror  II  can  be ; 
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so  mmcd  thai  »  ray  S,^  romintr  from  the  ame  nbjeci,  nficr  rHIcnIon 
in  itie  niiirors  n  and  K,  9il«n  entcm  the  tr-lescopc.  Thi«  my  will  1icl|> 
lo  prcdiKic  a  scrond  imnjjc  of  iIm;  object,  which,  hj'  rmalin){  ihe  tnimjf  B, 
can  be  broijghi  alonciidc  ihe  image  formed  l>y  tbc  ilireii  rays.  Neo, 
keeping  the  tdc^copo  mined  so  ihai  ihr  dircd  rays  s,  Mill  form  *a 
iinu),'!.-,  lum  the  mirror  n  till  the  rays  RD,  proceeding  rram  Mtne  Mtia 
objctt.  enter  ilic  ick*ei>pe  and  fiwm  an  intake  alaaK:side  llie  lirrt.  Saux 
merely  reversing  tbc  direction  of  ilie  rays  of  light  will  otA  alter  thejt 
path^  we  now  see  that  while  in  the  fintt  posiiton  iif  the  mirtnr  a  ny 
incidcnt  alonjc  ab  i«  reflected  along  B!^,  in  the  »ccxind  jntition  n  ray 
tacideni  along  aR  is  reflected  alonj;  UK,  Hence,  if  a  ii  ilhc  UKte 
thtou/h  which  the  mirroi  has  been  turned,  the  angle  KIKi  is  eiiual  to 
It.  Now  the  anjijlc  kiiKj  is  ihc  angle  subtended  at  ii  by  the  two  objects, 
and  \o,  since  a  is  obtained  by  readii>g  tbc  two  posilioits  «f  tire  vcnircr 
on  lite  aic,  this  aii^te  can  at  once  be  obtained  In  onler  to  uve  itie 
ncceiiily  of  doubling  lite  reading  tti  the  Kate,  it  b  uMial  lo  nmnbcr 
each  halfdcgrM  as  a  whole  degree,  «o  that  tlic  reading  gives  din^ctly 
the  value  of  lii. 

334l  ReflecUon  at  Two  Plane  HlrroFS.— If  a  luminoui  nttjeci  r 
is  placed  in  the  angle  included  between  two  |dane  mirroirs,  AO  am)  iiR 

(fig.  igi),  a  ttriti  of  inugcs  of  P 

will  be  formed.    In  the  (int  pbce 

we  shall  obtain  two  imager  p, 

AuA  P*,  formed  by  a  single  leHe^- 

ttoninvadioftfaemirron.   Tbcac 

images  will,  as  proved  in  %  351, 

both  lie  on  the  cirrtc  drawn  with 

O   31   centre   and   OP   as   i^in% 

Suppose  now  that  tlw  mirrur  AO 

were  removed  and  llie  ot^ect  P 

replaced  by  its  image,  (hit  will 

not  affi^ct  Ibe  dircaioa  af  the  ny* 

which,  atiiTting  from  P,  afler  tv- 

dection  at  AO.  strike  the  mtrrw 

OBl     The  point  r,  woulil  then 

produce  an  image-  K  in  tlie  niiTiar 

^  OR,  which,  since  tlie  line  P,K  b 

P,^  perpwidiciitar  to  OB,  must  be  oo 

the  circle.    Thb  image  is  Ihei^ 

fori!  formed  by  double  redcctHMi,  first  in  AO  and  then  in  fm.     In  the 

same  way.  an  image  P,  will  be  formed  hy  leAection  fir>l  in  OK  and  thru 

in  AO. 

Again,  llie  tmagn  r,  and  p"  wilt  act  as  objects  lbnnii«  Iwn  new 
bnages,  I""  and  P,  which  are  produced  by  redectiun  twice  in  doc  mimir 
and  once  in  the  oibcr,  and  p,  fnnns  an  image  P~  in  01^  produced  by 
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refleclion  twice  in  OA  and  twice  in  OB.  Neither  p""  nor  P"'  can  produce 
any  more  images,  since  these  points  are  behind  both  mirrors,  and  you 
cannot  get  an  image  from  a  luminous  point  placed  behind  a  mirror. 

If  we  join  OP,  and  call  the  angle  AOP  a,  and  the  angle  POfl  A  it  can 
be  shown  from  similar  triangles  that  the  angle  nOP'  is  equal  to  /3,  and 
the  an^le  AOPi  is  equal  lo  a.  Similarly,  the  angle  bop"  is  equal  to  the 
angle  bop,,  (hat  is,  to  2a  +  ;8,  so  that  the  angle  P'OP"  is  equal  to  la.  In 
the  same  way,  the  angle  PjOP,  is  equal  to  2^.  Also  the  angle  p"op"'  is 
3|8,  the  angle  P^Pj  is  2a,  and  the  angle  P"'OP"",is  2a.  It  will  thus  be 
seen  that  the  angles  subtended' by  two  consecutive  images  at  the  inter- 
section of  the  mirrors  are  alternately  equal  to  2a  and  z^. 

An  interesting  case  occurs  when  the  angle  between  the  mirrors  is 
equal  to  i8o°/n,  wliere  «  is  some  whole  number.  Since  the  angle 
between  the  mirrors  is  '>.-\-^,  we  must  have  in  this  case  2n(a  +  ;8)  =  36o', 
that  is,  2(a  +  /3)  will  divide  exactly  n  times  into  the  whole  circumference. 
If,  therefore,  starling  from  P  we  mark  off  points  on  the  circumference  in 
both  directions  subtending  alternately  angles  of  2a  and  2^  at  the  centre, 
we  shall  finally  reach  the  same  spot,  so  that  the  last  image  will  be  the 
image  of  the  last  but  one  of  each  of  the  two  series,  or,  in  other  words, 
the  two  sets  of  images  now  have  an  image  in  common. 

As  an  illustration,  we  may  take  the  case  when  the  mirrors  are  inclined 
at  bo",  i.e.  when  n  =  i.  If  the  object  i' (Fig.  292)  is  so  placed  that  a =20' 
and  13  =  40%  then  we  can  obtain 
the  images  p'p'p"'  by  making 
the  angle  P0p'=^(i^8o',  the 
angle  p'0P''  =  2a  =  4o*,  and  the 
angle  i'"op"'=8o°;  here  we  must 
slop,  since  v'"  is  behind  both  the 
mirrors.  The  whole  angle  POP'" 
is  therefore  80+40  +  80  =  200°. 
I'rocccding  in  the  same  way, 
POP,  -  40°,  P|OP,  =  80°,  and 
PjOi'j  =  40°,  so  that  the  angle 
POP3  =  40+8o+40=  160'.  Hence 
the  angles  PoPj  and  pop""  to- 
gether amount  to  360°,  and 
therefore  the  points  Pj  and  P"' 
must  coincide. 

If  we  wish  lo  trace  out  the 
actual  path  of  a  ray  of  light 
which,  after  leaving  the  object  P,  enters  an  eye  at  E,  producing,  say,  the 
image  Pj,  we  draw  the  line  joining  E  and  P„  and  join  the  point  where 
this  line  cuts  the  mirror  AO  to  the  image  p",  since  p,  is  the  image  in  AO 
of  P'.  Finally,  the  point  where  this  last  line  meetS  the  mirror  OB  is 
joined  to  P.     It  will  be  easily  seen  that  the  line  thus  obtained  is  really 
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the  path  of  ihe  ray,  for,  starting  front  P,  ihe  ray  after  reflecilon  Jii  BO  will 
tTiixcl  ns  if  it  came  fVom  ilic  image  i'',  and  tliis  ray.  when  ii  has  beem 
tcflivtfd  in  AO,  will  travel  as  if  ii  came  from  P^^  i.e.  along  the  line  i",r, 
It  is  interesting  to  examine  ihis  same  point  from  the  view  of  ihi 
^^         wave-fronts.     Takii^g  for  simplicity  the  case  where  th«  iitiirora  AO,  OBl 
^K^  (FiK-  =93)  are  at  right 
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antrlca,  the  circlet 
drawn  nith  the  full 
line  Tcpreficnl  a  series 
of  wave-fcoflts  u'hich, 
staninj;  fiom  i\  have 
not  been  refteeted. 
When  one  of  Iheic 
"■ave-ftonis  meets  tlie 
mirror  AOiiis  rcfiecitd, 
and  the  cireles  with 
fcntrc  Pi,   which  are 

slidwn  thus  — — , 

tcptesent  the  leflcetctl 

wavf-donl^.       In    the 

•R  pio.  jftj.      »P'  same  way.  the  tircies 

shown  thus 

represent  the  wave-fronts  as  reflected  in  no.  ^\^lcn  cither  of  these 
teflcctcd  win'e-fronis  impinges  on  the  other  mirror  it  will  lie  rcflccicd, 
and  in  this  way  a  series  of  wave-fronts  with  centre  at  I'j"  "re  obtained, 

and  these  are   indicated  thus  It   n-ill   lie  noticed  how   the 

circles  with  centre  at  i',"  lepresent  the  reflected  wave-fronts  belonyinB 
to  both  sets  of  doubly  reflected  waves.  Thii  is  of  course  because 
(yj>  '  [So,>.  and  ^o  the  second  iniagc  of  the  two  series  coincide.  An  eye 
plaei:d  anywhere  in  the  space  included  between  the  two  mirrors  will 
receive  four  sets  of  waves,  of  which  the  centres  of  curvature  arc  p,  i'„  t"*, 
and  I']"  respectively,  and  will  therefore  see  a  luminous  point  apparently 
at  each  of  these  places. 

If  the  antfle  lietwecn  the  mirror*  Ii  ex.ietly  i8o'i'«,  where  «  in  a  whole 
number,  there  will  be  2h-  i  images.  If  the  angle  ii  lei.i  llwn  iJkj'i'j*  and 
(jrcaicr  than  iSo'(«-n)  there  will  he  iit  or  ifl  +  i  Imagci,  accanling  to 
llic  poiiiion  of  the  iibjert  ;  some  of  the  images  may,  however,  be  in- 
visible to  an  obscivcf  in  ioiiie  positions. 

As  the  anyle  between  the  minors  is  decreaaed  the  number  of  imase« 
is  increased,  and  when  the  mirrors  are  parallel  the  angle  bet«-een  them 
is  lero,  and  hence  the  eiprcMion  i8o*/»  muM  be  lem,  whirli  can  only 
happen  if  n  is  infinite,  that  ia,  there  must  be  an  inRniie  number  of  images. 
Since  ilic  images  all  lie  on  a  circle  having  its  centre  al  the  inienectlo 
of  the  mirrors  and  iia*.<ing  through  the  object,  it  is  evident  that,  if  th 
distance  between  the  miirors  Bear  the  object  is  kepi  fixed,  the  nditin  of 
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the  circle  will  incrrasc  as  the  angle  between  ihc  miiron  is  decrv^scd. 
Fiii-illj',  wti«n  Ihe  iDirrors  become  parallel,  llicir  inierirction  \%  at  nn 
inGoilc  distance,  miiic  pamlli^l  tintrs  onl^  nicel  at  inl'Liiit)',  and  ihtrerore 
in  this  case  (he  circle  oii  wliicli  ilie  imaj;';?!  lie  become*  one  of  inltniie 
radiu*.  Now  if  wc  consider  a  wiiall  pan  of  a  circle  of  very  grciit  laditu, 
it  is  praclicnlly  n  Mrai^ht  line,  which  s-ill  lie  perpend irtitnr  in  ihe  mdiut 
of  the  circle  »l  the  pftii  considered.  Hcnrc  when  ilie  circle  paMlnj; 
Uirtni^  V  becomes  of  infinite  rndius,  any  finite  portion  of  it  near  v  will 
be  a  strai^hl  line,  anit  this  line  vill  lie  pcipendicular  to  the  Iwu  initrors, 
for  the  mirrors  are  radii  of  tlie  cirtle.  Hence  we  see  that  in  tlie  ca»c  of 
two  parjllcl  mirrors  the  images  are  inflnile  in  number,  and  lie  on  a 
Mraisbt  line  ilniwn  thniujjh  P  perpendicular  to  the  mirmre.  This  could 
of  coun«  hare  been  seen  to  be  the  cjuie  at  once  fmni  first  prinripleii,  but 
it  Ik  inMrucli\-e  lo  deduce  tt  fVnni  the  ca«c  of  two  mirrors  tiiclincd  ax  a  ' 
liniic  angle,  since  it  is  an  easy  illustration  of  the  application  of  what 
called  the  method  of  limits,  a  ineihod  of  freijuciit  Mst  in  physic*. 

We  may  also  de<lu<:«  the  law  accordin);  to  which  the  ima(,'ci  are 
spaced  from  the  case  of  the   inclitled   mirron  in  ihc  sainc  nay.     We 
have,  when  the  ansle  between  the  mirrors  is  finite,  that  the  arc  v\\ 
(Fig.  291)  is  equal  to  the  arc  r,M,  since  they  each  subtend  an  anjjleu 
at  O.    Also  the  arc  %\\\  and  the  arc  rV,  which  ejicli  subtend  an  an);le 
Sa,  are  equal  to  twice  the  arc  v\\.      Iti  the  &anie  way,  Ihc  arcs  v"t" 
and  PiP,  are  each  eqiul  to  twice  the  arc  W.     Hence  we  mi^ht  have  said 
that  tbe  images  arc  arranged  round  ibc 
drct«  so  as  to  intercept  arcs  of  the  cir- 
cumference nhirh  arc  alternately  c<|tul  to 
am  and  ai'N.    When  the  circle  hcromes 
of  iniinile  radius  ihe  arcs  become  por- 
tions of  the  same  sirai^ht  line,  and  heiKc 
the  images  are  armngeil  along  the  line 
drawn  ihroujfh  P  normal  lo  the  mirrors, 
aisd  at  distances  allemaldy  «iu:il  (o  twice 
ilie  distance  between  the  object  and  ilie 
one  mirror,  and  to  twic«  the  distance  be- 
tween the  object  and  il>c  other  mirror.   It 
«rill  be  a  useful  exeiciie  for  ilie  student  to 
dedneo  the  positions  of  the  images  in  the 
case  of  two  parallel  mirrors  directly  from 
lirsi  principles. 

335.  HulUpla  Images  formed  by 
a.  Thick  Mirror.— Ifa  ray  of  light  pro- 
ceeding from  a  luminous  point  I'  strikes 
a  tluck  plate  of  glass  a»ci>  (Fig.   3<m) 

wWrh  is  silKcred  on  tbe  I)ank  Ci»  ai  the  point «.  some  of  tlie  light  will  be 
reflected  6oni  tlie  suibce  of  tbe  glass  along  aJ,  forming  an  image  of  f 
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at  i>i.  The  real  of  the  light  will,  however,  penetrate  into  Iho  glass 
travelling  alorg  aa",  «nd  will  be  tcflcclci}  at  llie  siUcreil  surface  aXong 
a"t.  At  i  patt  of  iiii«  light  will  be  reflccietl  along  AT,  and  llie  rcsi  will 
escape  into  ihc  air  and  tra»-el  m  the  tliredion  H/,  fortnlng  an  Inuije  at  P, 
111  the  same  vay  'mv.\s^%  will  be  rnrmcil  at  I'„  P^  Ac  Orditinrily  ihc 
linage  Hp  foniifd  iij-  the  liijht  whirh  has  l>ccn  onci;  reflcrtcd  at  ihc 
silvered  back  of  the  mirror,  will  be  much  ihc  brightest.  If,  however,  the 
mys  fall  very  obliquely,  the  amount  of  li|;lii  reflected  at  a  ivill  be  con- 
sidetuhie,  40  that  the  imapc  1*,  will  be  bright. 

S8S.   Measurement  of  the  Ang-le  of  a  Prism  by  Reflection.— 
Let  .»rt  .-ind  no  (Fig.  I'fi)  be  two  mirrors  inclined  al  an  ariKie,  wiih  their 
reflecting  sides  turned  away  from  e.ich  other,  and  supjiosc  we  icqiiire  lo 
^^^  measure  the  angle  ACiii  included  belweCQ 

^^H  I  these  rctlcctinj;  iiirfaces.     I,tt  lO  lepre- 

^^P  Qf\  sct^l  ihe  direction  of  .1  parallel  pencil  of 

^^^^^  \  light,  part  of  which   is  relletied  in   the 

^^^^^L  mirror   AG   parallel   lo   OB,   and   part    i» 

^^^^H  reflected  in  OB  parallel  to  ok'.     If  OK  is 

^^^^^B  \DL'''''^  '''^  normal  al  o  to  the  mirror  on,  then 

^^^^^m  S~  the   angle   of  incidence  ION  is  cc|ual   to 

^^M  //:\\  '''*^  «"glc  of  reflection  NOk'.      If  so  it 

^^1  / 1  :  \   N^  proihiced  to   ii'  and  10  to  c,  then  the 

^^1  jf    I    ;    \      \^^  angle  ion'  is  equal    to  the  angle  coB. 

^^1  /     I  \  >.R'  Also,  since  t1>e  »nglc  ion  is  equal  to  the 

^^B         B        /       i        \  angle  Nor',  the  angle  lOB'  must  be  equal 

^^r         n        /  ;  \  to  the  angle  bor',  for  the  whole  (ingles 

^T  ^       C  ^  ""■'*'  ^°'"  *""  ^'^'^  '^*''"  ""J''**'     Hence 

P  tl>e  angle  OOB  is  equal  to  the  angle  bor', 

I  Fio.  »9;.  '"  'l^c  same  way,  the  angle  COA  is  equal 

!  to  the  angle  AOR,  vt  that  the  angles  aoc 

xnd  con  a.rc  together  equal  lo  the  angles  aor  and  K'ob,  and  Ihcrefore 

the  angle  bor',  between  ihe  two  reflected  rays,  is  equal  to  twice  the 

angle  of  the  prism  aob,     \\V  shall  see  l.ilcr  on  (§  357)  bow  the  angle 

koK'  may  lie  measured. 

S37.  ReRectlon  In  SpheriCftl  Mirrors.— The  yuatler  segment  of « 

spherical  reflecting  siirlhrc  cut  i>irby  a  plane  is  calted  a  spherical  mirror. 

Spherical  mirrotH  are  of  two  kinds  :  (i)  if  the  reflection  occiira  from  the 

!•"  outside  of  the  spherical  surface  the  mirror  i*  said  to  be  (vwacf,-  (i)ifthe 

rcfleaion  takes  place  from  the  inside  of  the  spherical  surlace  the  mirror 

J,   i*  said  to  be  concatf. 

In  order  In  mve<<tignic  the  reHcrtion  oElighl  in  spherical  mirmis,  we 

make  use  of  the  laws  of  reflection  as  given  for  a  plane  surface,  for  if  >*e 

consider  a  ver>-  small  clement  af  surface  on  a  spherical  miinir,  this  small 

clement  will  pftise^.t  no  appreciable  curvature,  so  that  we  may  treat  it  a» 

a  small  plane  mirror.    The  normal  10  the  surface  will  nt  every  (Mint  be 
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(lie  raiiliti&  of  the  sphere  pouing  ihrough  ihc  point,  and  hmcc  the  differ- 
ence bc(»«cn  the  case  of  n  sphcric.1l  niiiror  aii<l  a.  plane  niirror  is,  that 
while  in  u  plaae  minor  tlie  nunnal^  at  all  points  are  parallel,  in  a 
»]>heric3l  inirnw  the  oomiali  ate  iwt  patalli'l :  llwy  all,  liovrever,  pan 
lltroush  a  certain  poiot,  name!)*,  the  centre  of  the  sphere  of  which  the 
Mirfacc  <>f  the  mim>r  fnrm-s  a  part. 

(a  line  drawn  through  the  rcntre  of  Ihc  sphere  of  which  n  mirmr  it 
the  part,  pcrprndirul^r  \a  ihc  plane  1>y  which  the  mtrrt>r  is  cut  olT  from 
tlte  »|>Iktc,  is  railed  ttic  iii;/j_<]>f  the  niirror.  , 

Let  I  ol'  (Fig,  396)  represent  .i  teciion  nf  n  *]»hcri<:al  mirror,  <K'  bcinx 
the  axis  (rf  Uic  mirror  snd  c  the  cemre  of  the  sphere  from  wlii<h  Uu" 
minor  is  CW.    The  point  C  is  citlled  the  ttntrr  o^ mrviUurt  of  the  mirror. 


aitd  th«  distance  Oc|  which  is  ih0J3i)j;i«.(>f jji?  >.plieic,  ix  called  the  tadJai 
aCrnrvaiurc  oftlie  mirror. 

Suppfise  that  a  luminous  point  V  ia  placed  on  the  axis  of  the  mirror, 
then  (he  my  of  light  fn*m  p  incideiil  alon^  the  axis  will  Itc  reilecied 
•might  hat-k,  for  Ibc  line  pco  ti  normal  to  tl»  mirror  at  ti.  If  we  join 
iIm  point  of  incideiK-e  Ji,  where  anoilivr  ray  I'M  strikes  ihe  mirror,  to  the 
centre  C,  then  the  line  CM  in  Fig.  I'j^i"),  or  c«  produced  in  Fig.  196  {*), 
uilt  be  the  normal  to  iIk  mirror  at  M  :  and  hi:nce  if  u-e  make  the  nn;{)e 
KUC  ci|iul  lo  the  angle  I'M<',  or,  in  the  c^-uc  i>f  the  convex  mirror,  the 
Aas\c  itMS  eqiial  lo  ihean);le  VMM.  the  line  UK  will  he  the  path  of  the 
reflected  ray.  Let  MK,  or  in  the  case  of  a  cotii-ex  ininoT  Mit  produced 
Inckwardi,  cut  the  aii*  at  !•',  then  i**  will  be  the  point  of  iniriseciioii  oif 
llie  twu  tayi  incident  at  o  and  U  re^ieciii-cly  aftrr  rejection. 

Taking  the  ciie  of  tl>c  concive  mirror  firit,  h«  haw.  tinre  in  th* 
trianitlc  K.MP  the  line  Cu  luwcts  llw  anjilc  I^MI',  the  following  relation 
{Euclid,  Ti.  3>— 

Cfi~  Phf 

If  ilic  anntc  in.*  EiilMended  at  il»c  centre  by  ibe  mirror,  colled 
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aptrhtiy  of  ihe  injrror,  is  imal],  ihcn  vs\  is  very  iMarly  equal  lo  PO,  and 


Tk 


y 


very  nearly  equal  lo  P'O,  and  under  these  citcumstance* 


Cf'''Fb 


(•>■ 


Tlius,  if  ilie  niiiror  isof  sina!!  apciturc^  ihc  position  of  p'dtK's  not  depend 
nn  (lie  position  of  the  point  of  incidence  M,  but  only  on  the  (lisinncc  po 
;ind  ihc  ladius  of  curvature  OC  of  the  miiTor.  Hence  ftll  the  rcllcctcd 
rays  will  pais  tlitriU)i;1i  ^,  iind  K  u-ill  be  tbe  imaf^c  of  I*  pii)diii:cil  by 
reflection  in  tlie  iiiirnsr.  We  shall  for  the  present  confine  our  allcnliuii 
lo  mirrors  of  sucii  small  aperture  that  the  anuntplions  made  above  hold 
good,  so  llut  P*  will  be  the  image  of  the  point  P  formed  by  reflection 
in  liie  mirror,  and  since  Oic  reflected  rays  actually  pass  ihrau)(h  p',  the 
jma|,-e  is  rcjil. 

We  have  now  to  make  some  convention  as  to  the  diieclion  wc  shall 
i»ll  positive,  and  shall  take  all  distances  measured //■<'»»  tkf  mirnv  in  an 
t^ositf  si'nsF  lo  that  in  which  the  incident  ^hi  fall^  upon  the  inirrur  as 
pnsith'f,  while  ail  distances  mcasmed  in  llio  same  sense  as  the  incident 
light  ire  shall  take  as  negaliw. 

Thus  the  distance  nc,  Fig.  296  (n),  being  measured  in  the  opposite 
sense  to  the  incident  light,  which  proceeds  tVom  v  10  the  mirror  in  the 

sense  PO,  is  positive,  while  the  distance  ex;,  Fig.  296  (fl,  is  DegattTc  It 
will  also  be  convenient  to  use  single  letters  to  represent  some  of  the 
distances  which  cMitinualiy  occur.  We  shall,  therefott,  in  future  indi- 
cate the  r.ni(U5  of  curvature  <k'  of  the  mirmr  by  r,  the  distance  oP  of  the 
iijett  from  the  inirrot  by  u,  and  Ihc  distance  np"  of  the  im.ii^  (mm  the 
mirror  by  v. 

Now  rP  =  OP-OC  — W-r;  and  CP'»6c-6p'=r-f;  hence  the  equa- 
tion (■}  mluces  to 

u-r    u 

r-v    v* 
or  »fW-tfr=wr-i»r. 

3«rt'=!'r+wr, 
jtnd  dividing  all  through  by  uvr,  we  get 


r    u   V 


<>)■ 


This  equation  gives  us  the  general  relation  l>elwecn  the  distances  of 
objcn  and  imngcjrcim  a  concave  mirror  of  stnaJla^Hurc  in  leima  uJthe 
radius  of  ciirvniure  of  the  niirrgi.-  ~^~" 

Returning  lo  the  case  of  a  convex  mirror,  Fig.  196  (i),  it  will  be 
noticed  tliat  the  reflected  mys  do  not  actually  pass  through  the  image  P", 
but  only  their  directions,  so  that  the  '\\n:\se  is  virtual 
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->; 


As  ia  the  cxue  oTibe  ooDcave  mirror,  wc  have 

cF    /'.if 

tip"  I'M 
and  wbeo  tbe  nunor  b  of  snull  apcRurc^  this  rtdocct  to 

^    Fo 

C<iw'c?-OC+o?=  -*■+».  sincr  oc  U  equal  W-r,  for  the  di^ance  iT 
tiHsiHircd  in  tli«  nesaiive  tlirenion,  and  oi-  is  u ;   also  (■i-'-Zx.'-oy 
'—r-tfr,  bath /-and  t<  being  mcasuml  in  ihe  ntgaiivc  dtr«c<ion,    Hence 

u—r    ji_ 
v—r    —rf 
'or  —uv^■l'r=uv-tlr. 

1^ 

Thus  we  hai-e  the  same  equation  as  in  the  case  of  the  ctMtcave  mirror. 
In  making  any  numeri<ral  appljc-ation  o(  this  ^nrmula  it  mtist,  howc^'er,  be 
carefully  borne  in  mind  ilwi  while  for  both  cb^ict  of  niirruri  u  is  aloays 
positive,  in  the  cate  uf  concave  mirrors  r  is  positive,  while  in  the  ca»c  of 
convex  mirrofs  r  is  ne^tive. 

If  we  make  the  distance,  u,of  ihe  object  fram  the  mirror  la rjcer  and 
larger  till  the  ohje«:I  is  at  an  inl^uiic  distance^  tlu  will  brromc  icrn. 
Heikce,  under  ihow  circumscancet, 

and  hence  the  image  it  formed  at  a  poini  half-way  betu-een  the  mirror 
aiwi  the  cenirc  of  cut^-aiiirc. 

.Since,  when  the  object  is  at  an  infinite  distance,  all  lays  proceedinK 
from  it  whicii  strike  the  mirror  maybe  considered  as  parallel,  a  pencil  o( 
parallel  ray&  iiKideni  pur;il1el  to  the  ami  are  bn)u),'hl  to  a  focus  at  a  point 
on  the  axu  at  a  dislaivce  cqiul  lo  half  the  radius  of  cur^iiture  froin  tbe 
mirror,  (lliii  point  it  c.illcd  the  priiKipal  fotui,  and  the  dislnnrc  bct«-ccn 
it  and  tbe  mirror  U  railed  ilif  fftal  l{ftgik  of  the  mirrorj  In  the  caie  of 
a  mirror  the  focal  len^ih  (/)  is  equal  10  hulf  ihe  tadiiis  of  curvature. 
Home,  irt  terms  of  the  focal  leni^,  the  formula  for  ^vt'xirt,  the  |>>!-i(ioii  of 
llie  iniai^  becomes— 


r-i** 


<3). 


Since  the  principal  focus  is  half-way  between  the  mirror  and  tl 
irrtiiie  of  cunatore,  tbe  Mgn  of/  is  the  same  a»  thai  of  t,  that  is./| 
poutive  for  eoacaw  mirrors  and  negative  for  convex  niirtot^ 


I 


Ught 
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II  is  lomcliiDM  cnnvcaicDt  to  mcaMirc  ihc  dimncu  of  ihc  object 
ami  i]iijigc  iVoin  tlic  princiiial  focus,  in»icad  of  from  the  miiror.  From 
Fi|{.  29611  will  be  at  once  toen  thiit  if  tbu^liaiiinctibotH't^ciitlie  object  and 
the  principal  focus  i"  n  called  x,  and  Oie  diaiunce  twiwecli  the  image  am 
r  is  culled^,  these  quant itiu  lieing  Ukcn  as  positive  if  ilieyjitc  nicnsu; 
fromrtow.inls  the  object,  wc  have  for  both  kinilsofmirrots,  remembering 
th;it/is  positive  for  concave  mirror*  and  ocKniivc  for  convex  mimw* — 

Hence,  substituting  ilicsc  values  of  w  and  v  in  equation  {3),  we  K"~ 

(J- +/)(>- +jo  =/i:  J- +/) +/('+/) 

xy-r  .  -  .  (4). 
This  expression  shows  that  the  product  of  the  distances  of  ilie  object 
and  image  from  the  principal  focus  is  equal  to  the  square  of  the  focal 
length.  Sincr  ihcstjiinreofany  ijuantily  must  he  posit ive,_/^  will  nUvny*  be 
posilive,  and  heticc  the  equation  ^howslhat  llic  prodocl  j^niusl  aluayx  be 
positive.  Hence  .r  and  y  must  always  be  of  the  tramc  si|;n.  ihai  \s,  the 
ima^fc  and  object  must  always  lie  on  ihe  same  side  of  ihc  principal  focus. 
Writing  the  expression  (^)  in  the  form 

-J 

we  can  by  giving  r,  the  distance  of  the  object,  different  >'alue»  get  the 
corresponding  position  of  the  image,  as  shown  in  the  follnwing  tables : — 


Relative  Positions  of  Object  a.m 
Concave  Mirror. 


Imauk  rOR  A 


PotUI<'n  of 

Ot^L 


V.ilus  of 

K. 


At  infinity    . 

Between  00 
and  rem  re 
ofcurf.nture 

At  centre  of  ( 
curvature  .  f 

Betweci>(«n-i 
trcofcurva'  r 
tureand/jC  J 

At//      .    . 

Between  p/.  \ 
&aA  mirror  I 

At  surface  off 
minor    .    .  \ 


+  &>/ 

+/ 

+  &</ 

0 


Cone- 
ipondiiig 
^ueofj'. 


0 


+  &-^/ 


of  image. 


V 


+& 


-/ 


S  At  prmdpal 
*    focus  t//). 
Betueen  fi.f. 
and    centre 
of  cun'.iturc 
\  At  centtc  of 
)    cinvature   . 
I  f  Between ccn- 
'/It    tteofcun-a- 
I   lure  and  " 
At  infinity    . 

;  Between  mir- 
ror and  -  » 
I  At  surface  of 
(    mirror    ,    , 


Character  of  Imafc 


Real 


Real 


Real 


■R«al 


)  Vir- 
{ ttial 


Diminished 


'  nveried 
Inverted 
I  nvcrled    Magnified 


f  Same  sixe 
(    as  <)bjcci 


[  Erect 
EtWl 


Mitynificd 

(  SAme  ant 
(   as  object 


1/ 

1/ 

1/ 
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Relative  Positions  or  Objkci-  akd  Iuaub  rott  a 
Convex  Mirror. 


IHxilJanof 


At  mfinitjf    . 

Between   m  ) 

uul  inirror  / 

j  At  Miffac«  of  i 

miiror  .    .  ( 


VttlUq  of '    '^°"*" 
'•       Vmlpeof^. 


0 

V 


Ilencr  Pcniiitm 
of  ImogCi 

I  BeiwrecR  // 
r  and  mirror 
t  At  iurfacc  of 
)    mirror .    . 


Cluiaclsr  of  tiMKib 


Viftutd 
\-ir- 


!} 


Ercci 
Erect 


Diminished 

iSaroesiw 
Mobjwt 


In  the  fasc  nf  a  convex  mirror,  x  cannot  be  less  llwn/ 

33&  Imags  of  a  Small  Obj«et  on  the  Axis  of  a  Mirror.— We 

have  liiihcilo  cunsiden-ct  llie  image  of  a  single  lumiinmii  pomi,  and  now 

1mv«  to  proceetl  tu  find  Ihc  image  of  a  small  objei'I  platx-d  on  t)i«  axis  of 

a  mirror.    Let  rg  (Fig.  397)  be  such  an  object,  tbcn  w«  niny  cgnsidcr 


Fro.  ajT. 

cacb  point  oT  the  ohjecl  as  a  Iuiiudouh  pndnl  and  find  tl«  image,  and  all 
the  im*g««  ihi»  fmmd  will  build  up  the  im.ig*  nf  the  small  oliject.  The 
problem  n  nvo*i  eawly  solved  by  a  gromcttici)  consiructpon  baJed  on  the 
■vwhs  »«  h.ive  otitained  in  ihc  litl  iici'iion. 

Cwiiider  ibe  point  p  of  the  «bjecL     A  ray  inciden!  alone  ihe  line 
I<CN,  passing  through  the  centre  of  cun-ature  oJ  tlic  mii  iiii  ilic 
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mirror  normally  at  N  and  be  reflected  straight  back  along  Us  path.  A 
ray  PM  incident  parallel  to  the  axis  of  llie  mirror  will,  after  reflection, 
either  actually  pass  through  the  principal  focus  F  (concave  mirror),  or  its 
direction  when  produced  back  will  pass  through  the  focus  F  (convex 
mirror).  These  two  rays,  both  proceeding  from  the  point  P,  will  there- 
fore meet  at  p',  and  this  point  will  be  the  image  of  P.  In  the  same  way, 
the  image  of  Q  can  be  found  by  the  intersection  of  one  ray  passing  through 
the  centre  of  curvature,  which  will  be  reflected  b|fkon  itself,  with  another 
taken  parallel  to  the  axis,  which,  after  reflection,  will  pass  through  the 
principal  focus.  We  thus  obtain  the  images  of  the  extreme  points  of  the 
object,  and  may  fill  in  the  intervening  part  free-hand,  since  the  image 
and  object  will  be  similar.  It  will  be  seen  that  for  the  positions  shown 
the  images  are  in  both  cases  smaller  than  the  object,  and  that  the  image 
in  the  concave  mirror  is  inverted  and  real,  while  that  in  the  convex  mirror 
is  erect  and  virtual. 

The  relative  sizes  of  the  image  and  object  can  also  be  obtained  from 
these  figures,  for  a  ray  from  P  incident  along  po  will  be  reflected  along 
op"  to  the  image  P',  and  the  angle  of  incidence  POa  must  be  equal  to  the 
angle  of  reflection  AOP*.  Hence  the  two  triangles  POA  and  p'OA'  are 
similar,  and  therefore 

PA       OA     u 

7M'     OA'     "" 

Also,  since  the  triangles  pca  and  p'ca'  are  similar, 

PA  JPA' 

AC~AT 

Hence  the  ratio  of  the  size  of  the  object  to  that  of  the  image  is  as  the 
ratio  of  Iheir  distances  from  the  mirror,  or  as  the  ratio  of  their  distances 
from  the  centre  of  cur\'alure. 

The  changes  that  take  place  in  the  relative  size  of  object  and  image 
are  given  in  the  last  two  columns  of  the  tables  on  pp.  462,  463. 

339.  Caustics  formed  by  Rellectloil.- We  have  hitherto  only  con- 
sidered reflection  at  spherical  mirrors  of  such  small  aperture  that  all  rays 
from  a  luminous  point  are  reflected  so  that  they  pass  through  a  single 
point.  Wc  no«'  have  lo  consider  the  directions  of  the  reflected  rays 
xvhcn  the  apetiurc  of  the  mirror  is  large.  A  ray  such  as  PM  fFig.  298), 
incident  at  a  point  M,.  near  O,  will  lie  reflected  so  as  to  cut  the  axis  at  the 
point  P',  which  is  the  image  of  r  given  by  the  central  part  of  the  mirror. 
A  ray  such  ,is  pm^  incident  at  a  point  M^  at  some  distance  from  O,  will 
not,  however,  be  reflected  through  P',  but  will  intersect  the  axis  nearer  the 
mirror,  at  v".  In  the  same  «ay  the  ray  incident  at  M,  will,  alter  reflec- 
tion, cut  the  axis  at  P'".  Hence  the  reflected  rays  will  no  longer  all  pass 
through  a  sinyle  point,  this  phenomenon  being  referred  lo  as  ^htrical 
jberralion. 
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It  is  found  that  all  the  reflected  rays  are  largeiitial  lo  a  certain 
curve  ki>'k',  which  is  called  a  caustic  curve.  Since  near  this  curve  the 
reflected  rays  will  be  moi'e 
closely  packed  than  at  any 
other  point,  if  a  screen  is 
placed  so  as  to  receive  the 
reflected  rays,  the  caustic 
curve  u'ill  appear  on  the 
screen  as  a  bright  line.  The 
caustic  is  also  very  clearly 
seen  when  a  bright  light 
shines  on  the  inside  of  a  cup 
nearly  filled  with  milk,  the 
surface  of  the  milk  acting  as 
a  screen. 

The  caustic  cuts  the  axis 
at  the  point  p',  which  is  the 
image  of  P  formed  by  the 
centra!  parts  of  the  niirror, 
and  the  curve  forms  a  cusp 
at  this  point. 

If  we  call  the  angle  made  by  the  normal,  CM,,  at  the  point  of  incidence 
with  the  axis,  11,  then  the  distance  of  the  point  p'",  where  a  ray  incident 
piirallcl  to  iki  axis  when  reflected  cuts  the  axis  from  the  point  O,  may 
be  expressed  by  the  equation 

where  n  is  a  fraction  the  value  of  which  depends  on  the  angle  a. 

The  following  table  gives  ,,, 

some  values  of  «  for  diflerent 
values  of  <i  :^ 
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5 

ro" 
20° 


-5 

-49994 

.49809 

.49229 

-45552 


The  manner  in  which  the 
rausiic  is  formed  is  very 
clearly  shown  in  Fij;.  291), 
wlitre  UM  represents  a  sec- 
tion uf  a  spherical  mirror,  of 
wiiiih  or    is  the  axis  and  C  the  centre  of  curvature. 


The  wave- fronts. 


alter  ri'ilcciiun  in  the  mirror  for  a  scries  of  plane  waves,  incident  parallel 
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10  ibc  axis,  hnve  been  found  t>y  ituj-eheiit'  <:onunicitnn.  Ii  will  \,c 
noliced  liow  the  circles  reprMCniinu  i1i<t  elcmenury  waves  arc  crowded 
lOKCihcr  aloi)^  ilic  cnu^iic,  indic'itirK  \\ya\  a  violent  diitiutbanoo  U  pro- 
duced al  ail  puiiits  i.m  iliii  curve. 

340.  Parabolic  Mirrors.— Since  in  ihc  case  of  spherical  miiTunuf 
any  grc.ii  ;ipcrturc  parallel  rays  arc  not  all  icflecled  ihtuiiKli  ihc  principal 
fnciis,  a  luniintius  pniiit  placed  at  the  principitl  fotni.i  will  nnC  jiiodiicc, 
aflrr  rcllcclion,  a  br.tiTi  of  pnmllel  rays,  .^t  ihn  Inightncu,  anil  hence 
the  distnncc  to  which  a  beam  of  tifiht  can  be  projccled  by  a  reflector 
depcndi  on  making  the  Riys  parallel,  otherwise  they  become  scattered 
over  a  htger  and  brjjer  ate^i  aa  llic  distance  from  the  inirror  iiiL're:iM:>>, 
it  ii  of  some  inipurlanee  to  »ee  if  a  mirror  cannot  be  produced  of  luch  a 
form  that  pnrallel  ray*  aie  all  reflected  through  a  sinjjie  point,  however 
^rcnt  the  apcilure. 

TTic  sutlace  rmmed  by  roiaiinK  a  p.arabola  about  in  axi»  fulfil*  this 
condition,  for  in  the  paraboln  the  distance  of  any  point  on  tbe  cun'c  OM 
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&om  the  focHs  P  (Fig.  joo)  Is  equal  to  iti  distance  from  the  directrix  cn. 
Hence  if  At)  represents  the  position  whith  a  plane  wave  incident  par.dle1 
lo  tbe  axis  would  have  occupied  ai  a  i;iven  instant,  ^^ppose  the  mirmr 
MO  were  not  present,  we  can  obtain  the  piniiicm  of  the  reflected  wave- 
front  by  Huygbens'*  const niclion  by  dr.iwinj;  riic!e»  with  their  centres 
on  OM,  touching  Alt.  These  (irclci  will  all  touch  a  rirrle  IK;  dcsciibed 
with  the  focus  V  as  centre,  for  since  by  the  property  of  ilic  paiaboi;i 
MK'^Mr,  and  MA-Mt^  being  both  radii  of  the  ^luinc  circle,  i%  must  be 
equal  to  AK  or  nr>.  In  the  same  n-ay,  it  ran  be  shown  that  the  distance 
between  P  and  any  of  the  other  circles  is  eqnal  lo  lilt,  «o  that  .•» 
circle  described  with  k  at  centre  and  UK  as  radius  will  touch  all  ibvM 
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circles,  and  witl  repicMnt  llic  rtfleclcd  iv.ivc-fronL  Since  the  section 
i>r  the  ivflcclnl  wave-front  is  :i  circ!«,  the  wave  will  be  bn>uj;lit  to  a  focus 
at  ihn  ccniti:  of  l1ie  drcic,  namely  nl  T. 

'Ilic  ditlcirncc  bcIuTen  n  iphcrical  xnA  n  pafal>oli<:  reflector,  ua  fnr  ta 
tlw  production  of  a  plane  wa*c,  ih.it  is,  a  pencil  of  parallel  mys,  when  a 
luminous  point  is  plnocd  at  (be  focus,  it  Uiawn  In  Fig.  301,     Tbe  ponioD 


PARABOUC 


SPHERICAL 


MO  of  the  mirror  i*  parabolic',  while  the  portion  OX  is  tplicricaL  A 
tuniinnut  point  it  lupposcd  to  he  placed  M  ¥,  and  llie  pusitioia  of  a  tetiu 
of  relir<:tc4  «-aife-f[ont8  ba»«  l)«:i>  drawn  Ijy  Iluygbcnif  conitnictiom. 
While  (he  iravc-ftont*  after  rcfleciion  at  the  paniholic  mirror  arc  plane, 
this  is  only  the  cmc  for  thoK  portions  quite  clo»c  la  the  axi!^  when 
refiectiM)  takes  place  from  (he  spherical  suifacc^ 
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REFRACTION 

341.  Refraction— Snell's  law.— A«  long  a^  a  ny  of  light  trarela 
thnmgh  a  liomogencoiis  (isuiropic)  medium,  its  paili  is  a  siiaighi  line  ;  in 
gcticral,  however,  when  it  piisscs  from  one  mcilmiii  to  anothtr,  lln;  cJitcc- 
tian  of  the  palh  cif  the  raj-  chnnKcs  .ibruptly  al  ihe  mrface  of  «ep4r;itian 
of  the  two  mcHia.  Iii  addition  to  Ihc  pnninn  of  the  li);ht  uhich  pciic- 
iraics  into  (he  sccciciii  iiie<!lum,  a  poriioii  of  the  lijilit  will  be  reilectcd  at 
the  BurfAce  of  separation,  actonliii);  to  the  laws  we  luve  jtikt  considercil, 
and  we  sliiiil,  iti  the  jiresent  section,  generally  ncKUtt  the  conwdcration 
of  this  refleetcd  ray.  and  concern  ourselves  eichisivcly  wiih  the  porti«n 
which  penctmtes  into  the  »cconil  niedium,  and  which  i*  called  the 
refraaeit  ray. 

As  before,  we  shall  call  the  point  where  the  incident  ray  meets  the 
stirfacc  of  separation  biHu-ecn  the  two  media  the  point  of  incidenL-e,  also 
the  angle  of  iiicidence,  the  plane  of  inciilence,  and  the  noniial  will  have 
llie  sanie  siynificaiion  as  in  the  case  of  reflection.  The  anyle  bet"*cen  the 
refracted  ray  and  the  normal  in  the  second  medium  will  be  called  the 
anglt  of  re/r,ictwn, 

/    We  then  have  the  following  laws  : — 

(     (i)  The  refraitcd  lay  lies  in  the  plane  of  incidence,  and  on  the 
opposite  side  of  the  normal  to  the  incident  ray. ) 

(  (3)  The  sine  of  the  angle  of  n-fraction  beaft  a  consianl  ratio  to  Oi« 
sine  of  the  angle  of  intidente  for  all  angles  of  incidence,  the  value  of  thc 
r.ilio  dcpeiidinR  on  the  nalurc  iif  the  two  media  al  ihe  surface  of  separa- 
tion between  which  the  refraction  takes  place^-and  also  on  tlie  nature  of 
the  incident  light  (Sncll's  law), 

h  willlhus  be  seen  that  in  the  case  of  Tpfraciion  the  condiiions  are 
much  more  complicaicd  than  in  that  of  rertection,  for  while  in  the  Intier 
the  liirrction  of  ihe  reflected  ray  was  independent  of  the  nature  of  iho 
reflecting  surface,  of  the  medium  in  which  the  li[,'ht  was  travelling,  and 
of  the  nature  (colour';  of  ihc  light.  In  the  case  of  refraction  the  direction 
of  the  refracted  ray  depends  on  all  these  conditions.  We  shall  for  the 
present  postpone  the  consideration  of  the  influence  of  the  nature  of  the 
linht.  assuming  that  the  light  with  which  we  arc  abotil  to  deal  ii  the 
yellow  light  givcrn  out  by  a  Bunxen  flame  when  a  bead  uf  coiniiioi'i  »alt 
(NaCl)  is  placed  in  the  flame. 

tit 
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Rtfroi  I  ton 


Dormul,  then 
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Suppnw  AH  (Fig.  jos)  to  be  the  surface  nf  separation  between  two 
medio,  »>>■  ail  above  aad  glA«s  H 

below,  and  lliat  a  ray  of  liglit 
travelling  in  the  direction  to  ti> 
incident  m  o.  Let  Ndn*  be 
the  normal  to  the  lurfacu  of 
•epanUHMi  at  i),  then  in  the 
cue  contidcrcd,  in  which  the 
m«diuin  abot'o  as  i»  (cm  <)cn»c 
thun  that  bcUivr,  the  angle  uf 
rerracliiin  RON',  or  S,  will  be 
leu  than  the  angle  of  incidcnrc 
ION, or  R.  If  the  medium  above 
All  had  been  denser  than  ibftl 
beloK,  then  a  uxMild  have  been 
!«»  than  ^ 

If,  «iih  o  as  centre,  »«  de- 
scribe a  cirrte  of  any  radius, 
cutting  the  incident  my  at  I 
and  the  rcfincied  isy  at  K,  and  from  i  and  K  draw  pcrpendimlara  to  the 


«in  «    l.%f 

According  to  Snell't  law  the  tatii>  sio  a/sin  fi  is  consiant  for  all  angles 
of  inckknce,  and  the  value  of  this 
ratio  for  any  pair  of  media  ii  called 
the  n/rat/itt  indtx  for  the^e  media, 
anti  it  generally  indicated  by  ilic 
Greek  kitcr  ^, 

When  itie  iittident  ray  i»  perpen- 
dicular to  tbe  Mirface  of  aeparalion  a 
i«  xero^  and  hence  »in  tx—<y,wa  that 
»in/5-oanil^— o.  Thus  in  ihiscaitc 
the  ray  docs  noc  suflVr  refraction. 

If  n-v  arc  given  the  Tcfraciit«  in< 
dex  betoeen  two  media  and  the  angle 
of  incidence,  it  vt  euty,  by  a  geoinclri- 
cal  oonstTuciion,  to  find  the  ilireclion 
of  the  [cfractcd  ray.  If  Aii(Kig.  303J 
it  the  suibce  of  separation  beiween  /_  u' 

the  ntedia,  ih«  ilen««r  being  below,  '" 

anti  liO  \\  lli«  direction  of  the  inci- 
dent  ray,  mcasuie  off  from  O  along  OD  a  ilisiaiKe  OC 
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vrilh  O  as  centre  describe  a  circle  of  nulius  unity  cutting  no  ai  C,  and  a 
dUiance  Oh,  which,  ciprcS6cd  in  ttic  same  iinil»,  is  equal  to  ilie  icfractive 
index  ^  Withccnirc  O  and  radius  ijh  dcscrilwian  iin;  of  iicitclfc  From 
C  draw  CK  pnmlld  to  the  nomial  ON,  rmting  the  circle  in  k,  join  KO  .iikI 
produce  to  K,  then  Ok  is  ihc  refracted  ray. 

To  prove  this,  draw  km,  ul,  and  ck  perpendiculars  to  ON. 


Now 


and 


Hence 


=sin  II, 

Me 

-sin  fi. 

sin  n 

UL 

OE 

■in/!t 

w 

ME 

= 

D!. 

f 

for  OD  and  OE  arc  equal,  being  radii  of  the  circle,  and  mk  is  equal  to  KC. 
Now  the  triantlles  DO),  and  COK  are  similar.     Hcnc« 


But  bjr  construction 
Hence 


KC    OC 

OC 
sin  a 


:-fi. 


and  /3  b  the  an};le  of  refraction,  so  that  or  is  the  direction  of  the 

refracted  ray. 

ir,  inslcid  of  liciuK  n  plane,  ihe 
surface  sep.-iTniing  the  two  media  is 
a  sphere  of  radiim/-,  the  )>aihof  iha 
lefwetcd  ray  may  be  found  by  the 
fulloniug  ^eonicirical  construction. 
Let  the  cirde  MB  (f-'itj.  304)  with 
ccnirc  c  be  a.  meridian  section  of 
the  sphere  of  the  medium, the  refrac- 
tive indei.  bciweeii  the  surrounding 
medium  and  the  sphere  being  fi. 
Willi  c  as  centre,  describe  two 
circles^  having  railii  i^r  and  r/ft 
respectively,  and  produce  ihe  in- 
cident tay  i-M  till  it  cuts  the  outer  drdc  at  m'.  Join  M'<",  cutting  the 
Inner  circle  at  a.    Then  the  line  iiAit  will  lie  the  refracted  ray. 


1^0.304. 


m 


Re/raitioH 


llf  conuniaion  we  }i:)vc 


r 

Arc 
Mc' 

r 

w 


and 


Also,  «inc«  in  the  iriaitKln  mca  nn<)  m'cm  ihe  kagte  UC\  h  common, 
and,  a»  above  shown,  ihc  sldcft  about  Ihrst  ungk-s  Ate  proportional,  k 
(otiowi  t)iat  (he  trian^-Ics  ar«  simiUr.  Hence  the  an^le  mac  is  equal  to 
tb«  anslc  M'Mc,  or  a. 

In  the  tri;«ng!c  liiCA,  since  the  ratio  of  two  sides  is  the  same  ai  the 
latio  of  the  opposite  angles,  we  hat-e 

CM    sin  AfAC 
7^    sinC^ffiS* 

fiT  ^siaMAC 
~r~~  (in  j8 
bm  if  UA  it  the  refracted  nty. 


sin  a, 
sin 


or 


at»d  nncc  the  line  ma  hat  been  »hown  to  fulfil  this  condition,  it  must  be 
the  rrfnwlcd  ray. 

342.  Rorractlon  UirvtJgh  a  Slab  wlUi  Parallel  Sides.  -Suppose 
we  have  a  >l»b  of  a  densei  medium 
eiKloscd  hy  parallel  sidev  All  and 
CD  (Fig.  JO)),  with  a  Ins  dense 
medium  on  either  Mdc.  I'ben  it  is 
foand  cxpeti  menially  that  if  a  rajr 
of  Kfchl  it  p-iMcd  through  ihe  plate, 
the  direclioH  0,K  of  the  ray  after 
leaiing  the  plate  is  parallel  to  the 
incident  direction  MX  the  only  eUcct 
of  ibe  intcrpmition  of  the  plate  be- 
ing to  diiplncc  the  my  to  one  tide. 

We  Kill    rail    the    hri*  dente 
medium  i,  and  the  mtdimn  com- 
pnsini;  the  ibb  2,  :ind  iiviticatc  the 
refmrtive  index  frotn  medium 
I  by  ^,.    We  Iwi-e 

t*4 


and  *H~-^-'^- 

"^    sin  « 

Since  the  sides  fifilw  slab  are  p.-tratlel,  ami  t(ON'aiMl!(,o,N,'are  nor 


N,' 

Fic  305. 
to  medium  a  by  |fi^  and  tint  from  t  to 
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these  lines  arc  parallel,  and  ihercfore  the  angle  p  is  equal  to  the  angle 
P ;  also,  since  the  rays  lO  and  OiR  are  found  by  experiment  to  be 
parallel,  the  angle  a.  is  equal  to  the  angle  a. 

„  sin  a.     sin  a' 

or  i(H'«(^='- 

Thus  we  get  that  the  refractive  index  from  medium  (t)  into  medium 
(2)  is  the  reciprocal  of  the  refractiv?  index  from  medium  (3)  into 
medium  (1). 

By  taking  a  number  of  slabs  of  media  of  different  refrangibility,  it 
can  be  shown,  using  a  similar  notation  to  that  employed  above,  that 

This  expression  will  be  of  use  in  solving  problems  on  refractive  index. 
Thus,  given  that  the  refractive  index  from  air  to  glass  is  1. 5,  and  that 
from  air  to  water  is  1.33,  find  the  refractive  index  from  water  to  glass. 
Ill  the  first  place, 

iJi^air  to  giais)Kii.{glass  to  air)=i, 

M  {glaii  lo  cdr)  =  —  =.67 . . 

Also         i^air  to  water)  xii{water  to glass)^ ii{g/ast  to  air)^  f, 
l.'iixii^waier  toglass)y..t/j=l. 

Hence  idtvater  lo  elats)= —  i.ii. 

'^  *  1.33  ".67         ^ 

or  the  refractive  index  from  water  to  glass  is  1. 13. 

34S.  Image  of  a  Point  Formed  by  BefraetlDn  at  b  Plane 
Surface.  — If  AB  (Fig.  306)  is  the  surface  separating  two  media,  the  re- 
fractive index  from  one  to  the  other  being  fi  and  (he  denser  below  ab,  and 
P  is  a  luminous  point  in  the  denser  medium,  the  ray  PMN,  which  strikes 
the  surface  of  separation  normally,  is  unrefracted.  All  other  rays,  such 
as  I'M,,  which  strike  the  surface  AB  obliquely  will  be  refracted,  the 
direction  of  the  refracted  ray  MiR,  being  obtained  by  the  construction 
given  in  §  341.  If  we  produce  M,ki  backwards,  it  will  intersect  the 
normal  ray  PN  at  the  point  P',  and  the  refracted  rays  MN  and  M,R|  will 
proceed  as  if  ihcy  came  from  p'.  If  we  make  the  same  construction  for 
a  ray  such  as  PMj,  which  strikes  the  surface  ab  a  good  deal  further  from 
M,  the  refracted  ray  Mjt(j,  when  produced  backwards,  will  be  found  to 
intersect  the  normal  ray  at  a  point  r",  nearer  to  M  than  P'.  Hence  Ihc 
directions  of  the  refracted  rays  do  not  all  pass  through  a  single  point. 


§3431 
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so  that  there  is  not  a  single  geometiical  image  of  P.    The  directions  of 
all  Ihe  refracted  rays  are  however  tangential  to  a  caustic  curve  cV 
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If  we  restrict  ourselves  to  rays  which  sirikc  the  surface  near  any 
given  point  M,  a  restriction  similar  to  that  made  with  regard  to  spheri- 
cal inirmrs,  it  will  be  found  that  the  direc- 
tions of  alt  the  refracted  rays  very  nearly 
pass  through  a  single  [>oinl,  so  that  in  this 
case  we  gtt  an  image  of  the  luminous  point. 
If  we  draw  the  normal  at  M  {Fig.  307),  and 
call  the  angle  n"mr  a,  and  the  angle  PMN' 
li.  He  have 

sin  a. 

^^  =  ^ 

Now  sinre  the  angles  nmP*  and  p'mn'  are 
ti>Hcihcr  <i]ual  to  a  ri^ht  angle,  sin  p'mn' 
^  los  NMi''.  Hence,  since  the  angle  p'mn' 
is  equal  ti)  11,  

sin  «  -  tin  /M/A"-  cos  NAtr-^^^-  Km.  307- 

I'M 

Also,  cilice   vti  and   n'm  are  parallel,  the  angles  fmn'  and  npm  are 

(■(lual,  and  hence  ____ 

,     ,,      A',1/ 

sm  a  — — — ■ 

PM 

Suhstiiiiling  these  values  of  sin  ™  and  sin  /f,  wc  get 

Aii?   I'M    /\\r 


*■=■ 


i'M    NM    I'M 
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Now  if  ilie  point  m  is  taken  vciy  near  K.  PM  will  be  very  nraTl)^  equal 
to  i-,\,  and  i''M  lo  Kn.     Hcnct  for  rays  incident  ncai  K  w^;  get 

which  gives  the  <litlance  of  the  image  from  the  surfAcr  of  scpntntion 
between  the  medi.-t.  Ax  we  have  supposed  thai  the  niediiim  bcl<iw  AB 
a  denser  ihnn  ih.-ii  nbove,  and  as  p  wns  ilte  refraciivc  index  from  ilie 
upper  lo  the  Iniver  medium,  ii  nmsl  be  greater  llian  umiy,  so  tliiil  the 
im.igc  I''  is  neater  to  the  surface  ibiui  ilie  objtct.  In  tlic  esve  of  water, 
it  is  n  ntatter  of  cietyday  observation  that  objects  in  tlic  water  app 
neater  the  surface  than  they  are  rcjliy. 


Fie,  308. 


For  any  otherr  rays,  except  lho*e  which  are  inelden!  almost  normally, 
the  directions  of  a  .imall  pcnril  of  rays,  wich  as  wciulcl  cmei  the  eye  .iflcr 
refraction,  very  nearly  pass  ihiouRh  a  single  point  which  lies  on  the  caustic, 
so  that  an  image  is  formed  at  this  point-  The  position  of  the  imajcc 
differs,  hijwevcr,  with  the  poiiiion  of  the  e>-e.  mis  shown  in  Vig.  308. 

344.  Total  Internal  ReflecUon.— The  equation  e^picssmg  Sndl'a 

law  may  be  written  .■    _ 

Sin  B« 

If  ^  is  greater  than  unity,  »>  if  we  are  cnntideiini;  a  lay  iravclHng  from 


h 
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a  Im«  doue  to  s  more  (l«ii«c  medium,  since  vixt  «  cannot  be  greater 
than  unily.  Ibc  quotient  sin  «  >  must  always  be  Ims  than  unity,  Hence 
for  atijf  value  of  a  wc  can  gel  a  corresponding  laluc  for  Q.  That  is, 
whutFver  the  value  of  the  angle  of  ini:i<l(!ncc  (of  irourse  this  angle  muM 
be  Ir5*  than  90'),  there  will  be  a  refracted  ray. 

1^  howe^-er,  n-e  are  considering  a  ray  pasting  from  a  more  dense 
medium  lo  a  less  tlcnie  one,  so  that  >i  it  less  than  unity,  then  if  sin  a  is 
less  than  *>,  the  quotient  (sin  u),'*!  will  be  gieaicr  than  unity.  Kow  sin  fi 
cannot  be  greater  llian  nnity,  so  thai  «!«  cannot  obtain  a  vahie  for  the 
angle  of  nifrariion.  ^Vbcn  sin  »  is  less  than  n,  we  can  obtain  a  value 
of  j6^  and  there  is  a  rcfnictcd  ray.  \M)eii  un  a  ia  ctttial  to  fi,  the  quotient 
sin  oy  b  unity,  and  ilivcefore  iin  ^=  1,  U.  p-90'-  Thi*  means  tliat  for 
thb  angk  of  incMknce  llie  nn;;lp  of  refraction  i«  90*,  and  hence  the 
refracte<l  ray  in  tli«  les*  denie  tnediuni  i»  parallel  to  tlie  surface  of 
Kparatkm  between  the  mMlia.  and  just  grn/es  this  surface,  Kor  larger 
anith*  of  incidence  ihi^re  i«  no  refracted  tny,  so  that  none  of  ibe  light 
passes  out  of  the  denter  medium,  it  all  being  rcUccied  l>ack  at  (he  sur- 
face of  separation  arcording  lo  the  ordinary  tain  <rf  rcfleclion.  tn  this 
case  the  ray  is  said  10  Miffer  toiai  internal  lertection.  (l*hc  angle  o( 
incidence,  of  which  the  iinc  i»  eciuino  the  reciprocal  of  the  refractive 
index,  is  called  llie  trUit^i aa^.) 

tr  tiM  critical  angle  (d)  between  two  media  is  measured,  we  can 
obtain  the  Tcfraclive  in<lex  from  the  relation 


I 


fin— — ^. 

Sin  6 

In  the  case  of  glaM  aiMt  air  the  re^nctive  index  b  1.5,  and  hence 
ihe  crilkal  angle  ts  given  by 

sin)— '*J>7.. 

a-4:*. 

If  a  ray  of  light  is  incident  normally  on  one  of  ibc  shorter  bees 
of  a  right-angled  gIaMprifmADC(Kig. 
yxi),  it  will  enter  the  gluss  without 
Ttfiactio*!,  and  will  be  incident  on 
the  bypoiennse  at  an  angle  of  4j'. 
As  this  angle  is  greater  than  the  criti- 
cal angle,  the  ray  will  not  be  able  lo 
pgui  OM  inio  the  air,  but  will  be 
Mtalfy  reflcaeil  ahmg  o'o",  and  will 
be  Incident  nonnaUy  ai  o"  and  con- 
litiue  along  0"R.    TIk  prism  has  ibciv- 

fore  acted  a*  n  plane  mirror  and  s  mply  tcfleded  ih«  tay,  turning 
diteciinn  ihmugh  «  right  angle. 

3  R 
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34£.  Refraction  through  a  Pii3m.^A  portion  d  n  trfraniDK 
medium  bounded  by  two  pUoc  surfaces  wbich  are  indined  M  a  finite 
angle  i*  called  a  prunt.  j 

The  two  plane  sur^oo  aie  called  Ike  Uces  of  ihe  prism,  tite  line  in 
which  ihe  faces  meet,  or  would  meet  if  produced,  ii  called  the  edxc  of 
the  prism,  snd  ibc  angle  bciwccn  the  i*<x%  is  called  llw  refracting  iuigle, 
or  simply  the  angle  of  the  priim. 

Any  plane  perpendicular  to  ihc  two  facics,and  bence  abo  to  (he  edge, 
is  called  a  principal  pUne  of  the  pri^m. 

Since  a  piincipal  plane  is  pcqiendiruliu  ii>  both  facci,  if  a  ray  of  light 
ti  incident  in  the  principal  plane  it  will  continue  in  lhi«  plane  both 
durinji  its  passage  lhrout{h  ilic  prism  and  after  leavinK  the  priMO. 

When  the  medium  (if  which  the  prikm  is  composed  is  denser  th^p  ih£ 
mrounding  medium,  the  ray  of  tight  incident  in  a  principal  plane  will 
be  deviated  inwards  the  thick  end  nf  the  prism.  I'he  an^'Ie  ihrougfa 
which  ihc  ray  has  been  deilaicd  during  its  pikssagc  is  called  ihc  nntjla 
devtutKtO: 

If  the  an^le  of  incidence  of  the  incident  ray  with  the  first  face  is 
altered,  it  is  foutid  that  for  one  angle  of  incidence  the  an^le  of  deviation 


1 
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produced  ii  a  minimum,  tbe  deviation  bring  greater  both  for  nnaller  and 
larger  angle*  of  Incidence.  The  angle  through  which  lh«  ray  U  dcviaied 
under  ihcte  circumit;tnce<  is  called  the  angle  of  minimum  deviation. 

If  a  my  of  light  I'L  is  incident  al  sudi  an  angle  on  llie  face  All  of  tbe 
prism  Alic,  Fig.  510  (fl\  that  the  deviatiotk  is  a  minimum,  the  path  <rf 
the  ray  in  the  prism  is  such  that  am  is  equal  to  al.  If  this  were  not  so, 
lei  us  suppose  that  PUMR,  Fig.  310  (^X  repments  the  path  of  a  my  when 
(he  deviation  is  a  minimum.  Then  a  ray  of  light  incident  along  KM 
would  travel  along  RMt.P,  and  hence  would  aImi  suffer  minintiMD  dcna- 
tlon,  for  if  n-c  reverse  the  direction  of  a  ray  of  ligbu  it  always  rcinon 
its  path.  __ 

Neit  take  the  point  /,  such  that  aZ-AL,  and  iw,  sach  that  am-ah. 


" 

w 


i346) 


Angle  of  Minimum  Deviation 


483 


and  join  Im,  Then  draw  fit  inclined  ai  ihe  same  angle  10  ac  as  Is  PL  to' 
AB,  and  Htr  inclined  <o  AH  At  ttic  •di'nc  ani^'c  a.%  \%  mk  to  AC.  Then  the 
path  pimr  is  ciattly  similar  to  ilie  path  plmr.  aiid  li«ncc  a  ray  inddenl 
along  ^  would  travel  along  piinr,  and  would  be  deviatnt  tliiough  ihe 
lame  anxlo  a«  !«  the  ray  PLMR,  that  it,  it  would  suffer  minimum  deviation 
Hence  there  are  mn  rays,  fi!  and  rm,  at  differrnf  nniilcf  of  inddcncc, 
both  of  »hich  undergo  mimmum  deviation,  which  is  impossible,  since  by 
experiiltcnt  there  is  only  one  angle  of  incidence  which  lullils  this  con- 
dition. Hence  plmk  cannot  be  at  minimum  deviation,  lii  the  »ame 
way,  h  can  be  shown  that  no  ray  which  docs  not  cut  ihe  two  face*  so  a* 
to  make  AL  c'tuul  to  am  can  be  at  ntinimitm  deviation. 

346.  Determlaatlon  of  BefracUve  Index  rt-om  the  Angle  of 
Minimum  Deviation.— From  the  knowledge  ii(  the  rvfracting  an^le  of 
a  |insm  ami  the  angle  of  minimum  deviation.  w«  can  calculate  the 
refractive  iixitcx  from  the  medium  surrounding  the  piisni  to  the  medium 
of  whkb  the  prisnt  is  composed,  bincc  in  practice  we  have  almost 
alwayx  to  conuider  the  poiMage  of  lishl  friMn  air  into  lomr  other  mediiiiti, 
we  xhall  in  fiittire  refer  to  the  refraclit-e  index  from  nir  into  a  medium 
simply  at  tki  refractive  index  of  the  medium. 

Let  Aitc  {Fig-  31 1)  be  the  trace  irf  a  pri:im,  tl>c  paper  being  a  prin- 
cipal  plane,  and  PLUR  the  path  of  a  ray  whkb  is  ut  minimum  deviation, 
to  that  AI.-AM.    At  L  . 

and  M  draw  the  normals 
NL»"  and  K'Mli",  also 
produce  the  direction  of 
Ihe  cmcTt;ent  ray  UR 
back  to  !>,  and  prodiKC 
the  diipction  of  Ibe  in- 
cident ray  fL  to  cut  this 
at  K.  Then  the  angle 
[iKL  or  A  is  ihc  angle 
Ihrotigh  whkh  the  ray 
is  deviated,  and  bence  1 
i  is  by  iup{>otiiion  the 
anj;le  of  miaiminn  devia- 
lion. 

Since  AL>am  the  angle  alm  it  e<|ual  to  the  angle  ami.,  and  bence 
as  Ibe  angtea  ALn"  and  AU!***  are  each  a  tlKhl  angle,  ibc  ai^Ie  n"lu  is 
equal  10  the  angle  tTML.  In  ibe  quadril.itcnil  ai.m'ii,  the  angles  ai.m" 
and  AMN"  arc  Fight  angles,  hence  the  angle  l..\'M  — ir~A  But  since 
LHIl'  is  a  triangle,  Ibe  angle  ln"m— w-i/).     Hence 
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-H' 
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In  ihe  iriangte  klsi  the  aiif;)es  elm  and  eml  ate  each  equal  w  u— ft 
nnj  h«iicc  the  exterior  angle  DEL  »  equal  10  iCo~^\or  S— l{tt-j9). 


But  iff  is  the  refractive  index, 


sin  (i_sin  J(B+fl) 
%in]5        siniS^' 


and  sn  tf  the  nnglcs  9  xdA  S  an  measured,  the  refnirlive  index  can  b( 
once  he  calciiUitd. 

347.  Absolute  Refractive  Index,  and  Change  In  Refractive 
Index  with  Change  in  the  Physical  Condftion  of  the  Hedlum.— 
In  nimoni  -ill  casts  ilie  refr;ictive  index  frum  ait  to  a  given  medium  is 
what  we  ohinin  by  eipenmeiiL  When,  howe^■c^,  we  are  m^kinK  com- 
parisons between  the  optiotl  ptuperties  of  dilTerenl  mcdin,  it  is  convenient 
to  eliminate  the  cfieri  of  the  medium  air,  and  to  consider  the  refractive 
iiKlei;  frum  a  vacuum  to  the  medium  conudeicd.  This  is  c.illcd  the 
nbsolute  rtfraciive  index,  and  can  at  once  be  calcniaied  from  the 
refractive  index  in  air,  il'  we  know  llie  absolute  refractive  index  of  air, 
by  the  mrihod  given  in  5  342.  Since  the  absnlute  refractive  index  of 
air  under  standard  condition  of  pre-ssurc  and  temperature  [76  cm.  of 
mercury  and  o'  C.)  it  1.00029,  the  ahsoliiie  refractive  index  for  aay 
medium  is  obtained  by  multiplying  the  refractive  index  iwlative  to  air  by 
1.00019. 

According  lo  the  efectro-majrnetic  theory  of  light,  to  whidi  we  shall 
refer  later,  the  icfractive  index  of  a  substance  is  connected  with  the 
density  d'la  such  a  way  that  the  expresuon 

j''j-r:»»ft  constant  {/f,  wy^ 

This  expreition  is  due  lo  Lorenii,  and  the  vahic  of  the  constant 
ff  U  independent  of  the  temperature,  pces&ure^  and  the  slate  of  the 
subMaacc. 

Lorenl/s  formula  may  be  written— 


.(.-x^.^. 


Hence  if  -t—^  U  constant,  the  formula  will  teduce  tof^-  iyr/<»constanL 

From  ihereaulis  of  theirexperimenl*  Gladstone  and  Dale  had  previously 
found  that  the  expression  (J*  -  i  )iif  remained  constant  when  the  tempera- 
ture and  preuure  chanRcd. 

In  the  ease  of  gases  the  refractive  index  is  always  very  nearly  unity, 
so  that  the  quantities  ^  *  1  and  /t*+ a  arc  very  nearly  1  and  3  respectively, 
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so  that,  Ibr  gases,  Lorentt's  expression  reduces  to  that  of  Gladstone 
and  Dale. 

In  the  following  table  the  values  of  R  ai«  given  for  some  substances 
both  in  the  liquid  and  gaseous  state  : — 


Liquid. 

0.3061 
0.380$ 
0.1790 

Vapour. 

Water        .... 
Carbon  bisulphide 
Chloroform 

0.3068 
0.3898 
0.1796 

CHAPTER   III 
LENSES— MBA SUKEMENT  OF  REFRACTIVE  INDEX 


348.  Lenses.—A  pnnion  of  a  refRLciing'  iDedium,  bounded  by  two 
surfaces,  one  of  wbicb  is  spbeiicitt  and  the  other  iii  plane  or  spherical,  b 
called  a  leia. 
,  If  Ihc  t»ro  surface*  of  the  Ien»  arc  sphctical,  the  line  joining  the 

/  cenltes  of  the  sphere*  i»  c^lteil  the  axis  of  the  km  ;  if  one  of  the  suifiures 
it  plane,  the  axis  is  ihc  line  drawn  ihrou{;h  the  centre  of  the  sphere 
perpendicular  lo  the  plane. 

If  ilie  rays  proceeding  (rom  a  point  P  on  the  axis,  after  refraction  at 
the  lens,  pasa  through  a  point  V ;  or  if,  although  (hey  do  not  ac:tuulty  paiis 
through  this  point,  their  directions  pans  through  v',  then  p  and  P'  are 
called  coiyugatc  foci., 

(The  point  through  which  the  refracted  rays,  or  their  direction,  pass 
^'        when  the  incident  rays  arc  parallel  to  the  axis,  is  called  the  ^^g^fiaL. 
focu}  of  lite  Ien9^>and  'the  distance  between  ihi»  point  and  the  lens  is 
called  the  focal  kTijyh  of  the  lens.     Everj-  lens  has  two  principal  foci,  one 
on  either  side  of  the  lens,  and  al  equal  distances  IVoni  the  len*. 

[f  AB  (Kiif.  31 1)  represents  a  section  of  a  lens,  and  xx'  the  axi«,  the 

surfaces  of  the   lens  at  M  .-ind  N 

1 1  will   be  normal   to  the  axis,  .ind 

hence   a    ray  of   light    incident 

,  along  the  aiis  will  not  be  deviated 

»"  by  its  passage  through  the  lens. 

Also    if   P  and  Q  are  any  two 

points  such  that  the  tangents  to 

In  ,    the  lens  at  p  and  y  are  parallel,  a 

X'  ray  of  light  incident  al  v  in  such  a 
direction  that  it  travels  along  ry 
will,  after  it  le.ives  the  lens,  trai-cl 
along  ijtt  in  a  direction  parallel  to 
its  original  path,  IP  ;  for  ns  far  as 
this  ray  is  concerned  the  lens  act* 
simply  as  a  parallel  sided  slab. 
Hie  point  o,  where  this  ray  cuts 
the  axis,  is  called  the  oiiitcnl 
centre  of  the  lens,  and  is  such  that  all  rays  which  pass  through  it  are 


undrviatcd  bjr  llwir  puatia^e  Uirouf;li  ih«  leas.  The  pmiiiun  of  ih* 
ofxkxl  ceniTv  vaxio  with  ihc  curvaluic  of  the  surfaces,  and  inuy  lie  c|uite 
oatsitlc  the  lenv 

In  Ibc  ciiKC  erf  most  Icntcc  tued  in  praaicc  the  thickness  of  the  icnt 
is  small  compared  with  tlic  foca]  length,  so  ihai  the  poinK  M,  O,  arid  \  arc 
fiKai  together.  Such  a  lens  is  called  x  (hjii  lens,  and  w«  siiall,  unlcM  it 
is  specially  iiicntioocd,  restrict  ourselves  To  thin  len«es,  so  that  we  max 
Ukeealberof  ihe  three  points  M,o,  or  N,  as  the  optical  oenire  of  tJie  lens. 

Lenses  an  divided  into  two  rl.n.'ues.  The  fint  class,  cnlled  convex 
lenses  or  cimvcrKin);  Icn^rt,  arc  such  that  when  a  penril  of  rays  pandlel 
lo  the  axis  passes  through  ihc  lens,  (hey  arc  refracted  tn  as  10  pass 
ihroujih  the  principal  loctis.  Tlio  second  class,  called  concave  or  diverg* 
iof;  lenses  ftre  such  llut  when  a  pencil  of  rays  p:ira)lel  to  the  axis 
passes  throu^'h  the  lens  they  arc  refracted,  so  that  aIlhou||;h  thcy  do  not 
actually  past  thn>ut>h  the  principal  fucits,  yet  their  directions  pass  thrauKh 
the  focus. 

It  U  only  when  the  ntcdiiim  of  a  Tens  is,  &t  is  irerierftlly  the  case, 
denser  than  the  surrouiidinK  medium  thai  the 
atmve  deliniiions  hold.     In  the  opposite  rase 
a  concave  lens  is  a  c«ov«r|png  lens,  and  vier 
vtrsa. 

In  Y\g.  313  are  friven  the  sections  by  a 
plane  combining  the  axis  of  tlie  three  (ypic&l 
fonns  of  convex  lens.  Lens  (u)  is  called  a 
dotlMe  convex  lens.  i,i)  a,  plano-convex  lens, 
And  (r)  a  convexo-concave  lens  or  convex 
menisciK.  Lent  (c)  ha*  one  convex  and  one  concave  sutbcc  ;  the  radius 
of  the  convex  suifoce  is,  however,  less  than  that  of  the  concave.  In 
Fig'  314  'he  three  typical  forms  of  con- 
cave lenses  are  shown.  Lens  (41)  is  called 
a  double  concave  lens,  (t)  a  plaito-cuiicave, 
and  (i~)  a  concavo-convex  or  concave 
mcniKut.  In  {c)  the  concave  surface  has 
a  snuller  ndiut  of  curvature  than  the 
convex  sitr6c«. 

If  a  pencil  of  rays,  all  parallel  to  the 
axis,  fidls  on  a  convex  lens,  such  as  ab 
(Flff.  315),  after  refraction  throuifh  the  lenses  they  all  pass  throush  the 
principal  focus  r,  and  OF  is  llie  focal  lengtli  of  the  lens.  Since  iIk  fucat 
IcRjrih,  measured ^i>«  Ibc  lens,  is  in  the  tam*  direction  as  that  in  which 
the  incidcm  li^ht  is  iKiKc^-dins,  it  is  negative,  the  same  convention  as  to 
sign  beinK  adopted  as  in  the  case  of  mirrors  (%  337). 

If  a  pencil  oi  rayi  parallel  lu  the  axis  falls  on  a  concave  lens,  such  as 
CD  (Fix.  y^\  afier  their  paiviife  lhrou);h  the  lent  (he  rays  diverge  and 
mtnel  as  if  they  canw  from  the  principal  focus  T',  the  point  t'  bein{[  on 
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the  ride  of  the  len*  on  which  the  light  i«  incident  Plenoe  as  OK*  \t 
measurt^  in  the  opposite  dircrcion  to  ihc  incident  tight  ii  is  poHiirc,  si> 
that  ihc  forai  Icnglh  of  a  conr-avc  lens  is  pntiiiic-  ll  is  for  Ihc  nlxive 
rcn«nns  ihal  convex  lenses  arc  sometimes  tailed  ncgalive  tenses,  while 
concave  lenses  arc  called  positive. 


--;■;*. 


^•^m^ 


FKt.  31^ 


If  r,  is  the  radius  of  curratiire  of  the  first  surface  on  which  a  parallel 
beam  or  light  Is  incident,  r^  the  radius  of  rurvjtture  nf  Ilic  utlitr  surface, 
/the  fooil  length,  and  ft  the  rcfrjctivi;  index  of  the  niciliuni  of  which  the 
lens  is  ci>ni|xised,  tlieii  these  (|uuntiiies,  ilue  leguril  bciii);  paid  to  ilieir 
proper  sign,  arc  connected  by  the  equation — 


>=(,-..(i-i)  .  .  .  ca 


This  etitiatiou  can  be  deduced  in  the  following  manner.     Lei  ab 

(Fig.  316)  lie  3  section  of  a  lens,  and  suppote  a  pencil  of  parallel  iay» 

.  -  ftills  on  ilie  lens  parallel  to 

C  "  the  axis,  of,  and  is  hrouxht 

to  a.  focus  at  the  principal 
focus,  r.  We  will  consider 
two  rays,  iiAi^  and  1,07.  If 
throujjh  C  we  draw  cc"  per- 
pendicular lu  the  incident 
light,  cc'  will  be  a  teclion  of 
the  wavc-froiii,  for  wc  ar« 
dcalin]{  wiih  plane  waves. 
Hcocc  ihc  wave  will  reach 
itie  points  c  un<l  c"  in  the 
Sitine  phase.  After  leaving 
C*  the  wave  will  triavel  along  c'A,lhcn,  as  a  it  just  at  the  edge  of  tho 
lens,  il  will  pass  through  a  »-ety  small  thickness  of  glass,  and  then  travel 
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along  Ar.  The  part  of  the  wave  near  C  will  m  the  Mmc  wav  travel 
tbrough  ii  thickness  Ci>  of  glasf,  nnd  ih«n  over  .1  Jiitance  rir  of  nir. 
Now  4s  Oie  rays  arc  brought  to  n  focu*  ai  v.  ihe  different  pans  of  each 
wave,  such  as  cc",  must  all  reach  r  ai  the  same  time,  for,  as  we  liave  seen 
ID  (he  ease  of  a  twiI  focus,  the  wave-front  i»  a  sphere  with  positive  curva- 
ture, and  ihe  nnvc-front*  eventually  are  rcducetl  to  [mhdis  at  tlie  focus. 
Thus  the  linie  taken  by  the  one  ponian  of  the  wave  to  travel  over  the 
patit  c'Ar  must  be  the  same  as  that  tflken  by  the  other  portion  to  travel 
over  the  paili  ct>P. 

We  shall  see  later  i%  366)  that  the  velocity  of  light  in  a  medium,  of 
which  the  refractive  index  is  n,  is  i,';i  of  the  velocity  of  light  in  air. 
Hence  it  irill  take  the  light  the  same  lime  to  travel  over  a  distance  >iJ'  m 
air,  lU  it  do<«  over  a  disLince  j*  in  a  medium  of  irfraclivc  index  pu 

If  wc  call  the  distance  AO  ii,  the  riidius  i>f  curvature  of  the  surface 
ACB  r,,  that  of  Ihe  surface  Afti  r^,  and  tlie  focal  length,  or,  of  the  tcns^ 
thcii,  front  the  irell-known  property  of  the  seginenli  of  chords  of  a  circlCi 

or  C"(?=.»'/J»'„ 

fbi  if  the  lens  is  ihin,  and  it  is  only  for  thin  lenses  of  small  curvature  that 

our  invesligaiioo  holds,  we  may  neglect  the  tetai  co*.     In  the  same  way 

Now,-  the  length  of  the  path  c'Ar  is 

-a'/ir, +/+<»/ 
where  terms  in  ir'y  and  higher  powers  ha^-c  been  ncgleclnl,  for/ii 
miidi  {greater  than  it.    Also  the  length  of  the  path  CDF,  allonance  being 
made  for  the  slower  velocity  of  ih«  waves  in  glass,  is 

Hence  if  the  length  of  the  two  paths  are  equal,  so  ihai  the  |wo  ponioni 
of  the  wave  roach  r  at  the  same  instant,  we  have 
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where  we  law  taken  all  lengtba  a»  ptnilii'V,  thai  is  ooi  con»i<lctied  ihcir 
sijtn.  Since,  hciutver,  .lU  disUnccs  mcaimrKl  Ctoih  tht  lens  in  tlw  direc- 
tion in  which  ihc  lii;lit  is  tntvelling  nrc  taken  us  n«};ulivc,  l>otb  /  and  r^^ 
arc  ncgaiiic.     Makintt  ih'tx  chntijfe  in  (i)  wf  get 


■.„-0(i-i). 


If  one  of  the  liices,  say  the  second,  is  plane,  so  th&t  ^)=«i  the  above 
fornnUu  will  become 


r(^')  ■  ■  ■ 


(»). 


/ 

since  when  rj=oo,  —  will  be  icnx 

As  an  i  till «( rat  ton  of  the  application  of  these  IbnnulK,  suppose  that 
Ihc  radius  of  curvature  of  the  right-hand  siiriiicc  of  ilic  lens  All  {Fig.  316) 
is  10  cm.,  and  ihal  of  the  lefi-liiiiiil  surface  is  8  cm.,  and  wc  required 
to  lind  clic  focal  length,  ihe  icfraciive  in<lcx  of  the  tnc^liuni  of  which 
the  lens  1*  composed  being  1.33,  In  this  r4i5c  the  ocntre  of  the  sphere 
of  which  the  right-h.ind  ticc  is  a  p.iit  is  to  the  left  of  the  lens,  and  hence 
its  radius  of  curvature  measured  from  Ihe  Ions  is  measured  to  the  left,  »>. 
in  the  same  direction  as  the  incident  ligbt,  and  is  therefore  ncgatira  In 
the  same  way,  the  radius  of  curvature  of  the  other  face  is  positive.  Henrc 
in  the  example  r,  =  -  10  cm^  anil  /■,=  8  cm.  Putting  these  values  into 
equation  (i),  we  get 


V^'-33-o(-.;,-i) 


/ 

».33C--'0O-.ii5) 

-  -<X0743. 

/-  - 13.48  cm. 

Next  suppose  thai  the  radius  of  cun-ature  of  (he  righi-hnnd  turfarc  of 
a  <Uiuble  cnncave  kns  CD  (Fig.  315)  is  10  cm.,  and  that  of  the  left  surface 
ii  8  cm.     In  this  case  rj=  +  10  cm.  and  r,=  —  S  cm.     Hence 


H'-«-o(i.i) 


/ 

=.33C.icx)+.i3S) 

.'.  /=  1 3.48  cm. 

349.  Geometrical  ConstructlDn  for  flndin^  the  Image  and 
Relative  Size  of  Imaire  and  Object— The  position  of  the  image 
formed  I>y  a  lens  can  be  found  by  a  gennietrical  construction  exactly 
similar  to  that  used  in  regard  10  mirrors  in  %  338. 
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We  take  on<!  ray  which,  proceeding  from  the  pMitl  Q  {Fifr.  317}  ot  the 
obJFcl,  p^DiCK  tlirnitK^  l)>c  (cnirr  of  the  lens  O,  and  htnc*  Ifl  undcviatcd, 
and  anuthc^r,  i)\i.  nhich  is  p.-iiii!1eT  to  (he  anis,  an<I  henre  afler  p.-iuin)[ 
thtaugh  itic  lens  either  nclualty  pnss«s,  or  iis  dirrctton  paA«cs  through 
the  principnl  focus  r.  The  point  <;'  where  the  t>o  rays  intersect  is  the 
moLgt  of  I}.  }f  (he  rays  actually  pani  thrmigh  Q*  the  image  is  real ;  if 
the  ray*  do  aot  actually  pau  (lirotigh  Q*,  but  only  tbcir  dirtctions  when 


produced  bncltwardi,  then  the  iinii>;«  is  vinual.  In  Tin.  317  the  imajcc 
produced  by  the  Iciu  as  a  real,  while  thai  produced  by  the  ki»  cu  i> 
nnaaL 

In  the  figuiv  ibc  tiianglo  QOP  and  q'ot'  aie  simitar.     Hcnc« 

Tbui  the  siie  of  the  object  is  to  the  siie  of  the  imngc  as  the  ditinnce  o( 
the  object  from  llie  Icn*  ts  to  the  distance  tit  the  image  from  ibe  lens. 

The  reUtktn  bn»ccA  the  dUtnnce^  ol  the  object  and  image  from  the 
lcn»  nwy  be  ftwnd  in  the  following  manner.     In  the  triangle*  QPO,  t/fo 
(!■"'»■  3'T).  »'occ  the  angles  at  n  are  equal,  and  the  angles  at  Pand  P'arBl 
both  right  angles,  the  triangles  arc  wmilar.     Henc« 


{>). 
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In  the  Kune  uay  ib«  liiunglcs  MFO  and  q'>*P'  oxk  similur,  so  tliat 
OF     ()Af_FQ 


since  OM»PQ. 
Hcnco,  from  (i) 


fr    FQ     F^ 


f6^  Ff 


•^    •    •    •    (=X 


■ 


Now  po  is  (lie  distance  bciwecn  the  object  and  ibc  lens,  or  calling 
diis  dttlancc  u,  nnil_T('nicn:)bcrin|{  (htit  u  \%  positive  for  both  a  convtPi 
and  a  concave  lens,  vn  —  u.  In  Ihc  saint  uay,  if  c-  is  the  distance  of  the 
imajfc  from  the  lens,  p'o>=  — t'  for  a  convesc  lens,  and  I'o^v  for  a  con- 
cave lens  ;  for  t'  is  negative  for  a  convex  lens,  and  positive  for  a  concave 
lens.  If/  is  the  focal  leiiglli  of  the  lens,  then  since  f  is  negative  fm  a 
convex  lens,  OF——/  for  a  convex  lens.  Similatly  OF—/  for  a  con- 
»ve  Ictis.  For  a  convex  lens  ri'=-f+/,  and  for  n  concave  lens 
FP*"/— r.     Kubttituting  these  values  in  {2),  ««  get 

For  a  convex  lens  —  =     "■'    . 
-V     -v+f 

—ut'^-t//=fv. 


For  a  concave  lens  "^i/-, 
V  /-v 


Or 


or 


!_ 
/" 


7  V 


I 
i? 


the  »Ainc  expm>ion  in  the  cn«e  of  both  Icntet.  In  usln^  the  fDrmuIa 
thus  obinined,  caie  must  be  taken  to  p;iy  due  regard  to  the  jiroper 
sign  of  the  qt^antilies  v,  v,  and/ 


)'7« 


We  may  employ  Ihc  method  used  in  §  348  to  obtain  the  relation 
between  the  distances  of  tht:  image  and  object  fmin  a  leni.  Tnkir);  the 
C&te  of  a  convex  1eii&,  wc  h»vc  tu  find  the  condition  that  the  tintc  taken 
fur  a  wave  to  tnivcl  alonb'  <hc  path  PMP'  (Kig.  3i?(')  ihi^ll  be  tlie  some  as 
that  talten  by  a  wave  to  tra\^  along_POP'. 

Calling  the  distances  m,  Ol',  OM,  u,  v,  and  a  respcctiwly,  and  the 
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radius  of  the  lace  un'''i,  and  (hni  of  (he  face  MNV^  ««  have,  as 

a'. 


ar. 


It' 


Hente  the  length  of  the  path  PMP'  is        

which  tedticeai  if «  is  imall  compared  with  »  nod  v.  to 

The  Icngih  of  the  |»ih  i-or*.  nllowiii^  fur  the  feet  (hat  the  portion  non' 
b  perfonned  in  glnM  of  rcfrai'tive  index  th  a 


a  \r,    V 

Btn  if/is  ibe  focal  length  of  the  lens, 

in  which,  u  in  the  Mcond  case  ui  %  348;  we  have  uken  r,  snd  r,  both  as 
posilivc. 

Hence  equating:  the  len|[ths  of  the  paths  we  have 


■(■*S)H-;:.)-«*'4 


U     V     f 

where  w,  v,  nnd/are  all  taken  as  positive. 

Now  in  the  case  taken  »-c  consider  bolh/ond  v  as  negative  and  w  as 
positive.     Klakini;  tlicie  cbangei  we  k^ 

I     I     I 

the  expfesfion  previously  obtained. 

The  posiiioiii,  &c.,  <rf  itie  iinaf,-e  for  diflerent  positions  of  iH-  •>i.i.i  t 
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are  given  in  the  two  following  tables,  and  the  results  can  easily  he 
verified  by  drawing  figures  in  ihe  different  cases  : — 

Convex  Lknses. 


Uis4ance  of  Object 
from  Lens. 


Between  oo  &  3/ 
Between  i/&/ 
Between/ &  0 


Dislance  or  Image 
from  Len^. 


Between  -/  Sc-jf 
Between  —2/&  *  00 
Between  +  m  &  0 


Character  or  Ima^. 


Real 

Real 

Virtual 


Inverted 

Inverted 

Erect 


Diminished  | 
Magnified  | 
Magnified   ' 


CuNCAVE  Lenses. 


Distance  nf  Object 
from  l^ns. 


lleiween  00  &  0 


Distance  of  Image 
Eruni  Lens, 


Between  +/&  0 


Cbaracler  of  I  naRt. 


Virtual 


Erect      Diminished 


360.  Position  of  the  Imagre  fopmed  by  Two  L«n8es.~Suppi>sc  two 
lenses  ab  and  en  (Fig.  318)  to  be  placed  so  that  their  axes  coincide,  and 
at  adlMance  (/apart,  the  focal  length  of  aB being _^, and  thatnf  CI>/,, and 
that  we  require  to  fmd  the  position  of  the  image  of  a  luminous  point  P  at  a 
distance  n  from  the  first  lens  farmed  by  the  combination  of  the  two  lenses 


u 


10^ 


D 

Fig.  318. 


If  the  lens  CD  c\Lisled  alone,  then  the  distance  z'  of  the  image  from  o' 

will  be  yivcii  by 


-  =  -+- 


The  dist.ince  of  this  im.iKC  from  the  second  lens  is  7'  +  <^  since  if  j-  is 
positive,  i.e.  the  iuiiiKc  is  to  the  riyht  of  CI),  the  distance  from  O  is  equal 
to  the  ilist.iiii;t'  from  O'  plus  li,  and  with  reference  10  O  this  length  would 
lie  po5i(iv<;.  If  the  im;it;e  formed  by  Ihe  first  lens  is  to  the  left  of  CD,  '.■ 
is  npt;aiiic,  and  :  J- (/still  fjives  the  distance  of  the  image  fromo,  with  its 
pri)]icr  si;;n.  Hence,  ireatinf,'  'his  imace  as  Ihe  object  for  the  second 
lens,  if  v'  is  ilie  distance  of  ihe  imaf;c  of  this  iin,ij,'e  from  O,  we  have 


(4 
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By  substituting  the  value  of  v  given  by  (i)  in  this  equation  the  value  of 
i/  can  be  obtained,  which  gives  the  posilion  of  the  imag:e  formed  by  the 
combination. 

If  the  two  lenses  are  placed  in  contact  and  their  focal  lengths  are 
sufficiently  large,  we  may  take  d=0.  Under  these  conditions  (z)  re- 
duces to 

Hence,  substituting  from  (i)  the  value  of  -,  we  get 

i— '4-l  +  i 


or 


'a  =  \-' 


Ah 


(3)- 


If  the  object  is  at  an  infinite  distance  (u  =  00 )  the  incident  light  is  a 
parallel  beam,  and  the  light  is  brought  to  a  fncus  at  a  point  at  a  distance 
F  from  the  two  lenses,  where  P  is  the  value  of  1/  obtained  when  u  ^  °o . 


Thus 


i-'  /i   /i 


(4). 


The  quantity  F  may  be  called  Ihe  focal  length  of  the  combination, 
and  the  aljovc  equation  shows  that  the  reciprocal  of  the  focal  length  of  a 
combination  of  two  lenses  in  contact  is  equal  to  the  sum  of  the  recipro- 
cals of  their  focal  lengths. 

351.  The  Eye. — The  eye  consists  practically  of  a  system  of  lenses  by 
means  of  which  a  real  iniage  of  external  objects  is  formed  on  a  network 
of  nen'cs,  called  the  retina,  at  the  back  of  the  eye,  which  nerves  convey 
the  impression  of  vision  to  the  brain. 

A  diagrammatic  section  of  the  eye  is  shown  in  Fig.  319.  The  eye  is 
surrounded,  except  in  front,  by  a  homy  opiaque  coat,  the  sclerotic.  The 
front  transparent  portion  of  this  outside 
coating  is  c.iUcd  the  cornea,  C.  The 
iubide  of  the  eye  is  divided  into  two  por- 
tions by  the  iris  I,  the  crystalline  lens  L, 
.ind  the  muscles  which  attach  the  latter 
Ui  the  walls  of  the  eye.  The  crystalline 
li-ns  is  a  double  convex  lens,  of  which  the 
rinttriiir  surface  has  a  radius  of  curvature 
of  alnnit  I.I  cm.,  while  the  {>osterior 
siiriacc  has  a  radius  of  curvature  of 
nlKiut  o  8  cm.  I)y  means  of  the  muscles 
atiailied  to  the  edge  of  the  lens  the 
lurv.ilurt  of  the  faces,  and  hence  the 
focid  Icrigih,  ran  be  altered  at  will.  The  iris  1  forms  an  opaque  coloured 
di;iphragin  perforated  by  a  central  opening  called  the  pupil.     The  dia- 
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meter  of  (he  pupil  varies  with  iha  inien^iir  of  ihc  li^-lit  which  eniets  the 
eye ;  thui  in  a  siranK  V'sln  ihe  pupil  is  conlractcd,  while  in  n  feeble  light 
it  i*  expniMicd,  ihcsc  movements  being  involunlarj*.  The  (.pace  between 
Ihe  comcaand  i he  lens  is  filled  by  a  Iranspirent  liquid  rAlIcd  ilieat|ueou3 
humour,  while  ih.M  beiwccn  the  lent  nnd  the  ictiiin  K  is  filled  with  s 
liquid  called  the  vitrroui  huitinur. 

'I'he  reliiia  consists  <i(  a  %eini- trans  pa  rent  network  of  nerve  librc* 
formed  l>y  the  spreading  out  of  the  tcnninalion  of  the  optic  nerve.     Ncni 
the  ccniie  of  the  retina  iberc  ia  u  round  yellowish  Kpoi  Y,  enllcd 
yellow  spot,  and  vision  i«  most  distinct  when  the  image  fnlU  nn  this  if 
The  point  of  the  rciina  where  the  optic  ncne  enter*  is  inscn^ttive  to' 
lit;ht,  so  dial  when  the  imiiiKc  of  nn  object  falls  on  this  spot,  which  is 
called  the  blind  spot,  no  sense  of  virion  is  jirciduced. 

If  the  eye  really  consisted  of  an  ordinar)-  lens,  it  is  evident  that  for 
only  one  <listnnce  \«ould  llie  light  from  a  luminous  point  he  hmught  to  a 
focus  on  the  retina.  At  all  other  distances  an  indistinct  am)  blurred 
imajfc  would  be  produced.  The  eye,  however,  possesses  the  power  of 
aLi-oniniodalion  so  thai  the  images  of  objects  at  very  dilTcreul  distances 
can  all  be  formed  on  ihe  retina.  In  most  coses  the  eye,  when  at  test,  is 
so  arranged  that  the  ima^c  of  a  distant  object  is  in  focm  on  the  retina. 
The  accommodation  for  nearer  oliiecis  is  ptodticed  by  a  slijihl  forward 
motion  of  the  Icn*  and  an  incfease  of  the  curvature  of  its  suifoce*.  the 
increase  in  mr^aiure  of  the  front  xurface  being  very  much  lite  more 
strongly  marked  of  the  two, 

The  range  of  the  accoimnodation  is  not  unlimited,  so  that  objects 
which  are  vcr^-  near  the  eye  canool  be  dearly  seen.  Since  when  an 
object  i»  a  RTcat  way  off  we  caRDoi  make  uut  vniall  details  about  it,  and 
neither  can  wc  do  so  when  it  is  very  near,  it  follows  there  must  be  some 
distance  at  which  wc  are  able  to  see  most  disiincity.  Tliis  distance, 
whicb  is  called  the  dtslanct  «f  diitinft  visicn,  is  for  a  nomial  eye 
between  ;}  .tnd  30  cm.,  or  to  and  li  inches. 

S62.  Defects  of  Vision,— There  arc  three  defects  of  the  eye  which 
are  of  comp.n.itivcly  fienueni  otcurrcnce.  These  are  known  as  (l)sboil< 
si^ht,  (I)  l1"llly-*i^;ll^.  'J)  nslignialism. 

In  the  cuie  of  shiiti-sighi  di&tAni  objecM  ctinnol  be  seen  distinctly, 
because  the  point  to  which  the  lays  from  distant  objects  aie  brouKht  W  a 
focus  is,  even  when  Ihc  lens  is  at  its  flattest,  in  front  of  the  retina.  We 
may  here  consider  that  the  lens  is  too  convergent  for  the  sixe  of  the  eye* 
hftll,  so  thai  if  in  front  of  the  eye  we  place  a  concave  lens  so  as  10  make, 
with  the  lens  of  (he  eye  itself,  a  less  convergent  sysicni  than  the  cr>'s- 
lalline  lens  itscH  the  defcct  of  short-sightedness  can  be  corrected. 

.Since  Ihc  image  formed  by  a  concave  lens  is  alivaj's  virtual,  it  is 
evident  ihni  if  ^  is  the  maximum  disumce  at  which  a  short-sighted 
person  can  sec  distinctly,  then  if  the  concave  lens  is  such  that  the  fnciis 
of  parallel  rays  it  at  a  distance  d  from  the  eye,  the  e)-e  wiU  be  able  to 
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KQ  cleady  ihU  imaicc  aiul  hiriKC  otl  dJttani  object*.  Since  the  spectacle 
Icna  is  always  placed  quite  close  <o  tbe  eye,  (he  disinnrv  of  ihe  Tociu  for 
parallel  rays  from  ihc  km  iiiust  bo  d,  thai  is.  <hc  lens  mu^l  have  a 
focal  tenfjth  d. 

In  iDtis-sisht,  or  hypemnettopio,  near  objecti  cannot  be  seen  dis- 
tinctly, this  bnint!  due  to  ihc  fairt  that,  when  (he  lens  ii  as  much  curved 
as  possible,  ihc  inijjfc  nf  obje<'li  even  some  distniKc  off  is  Formed  behind 
ilic  reiinx  In  ihis  ease  the  eye,  when  relaned,  is  in  surh  a  stale  that 
parallel  rays  meet  behind  the  toiiiM,  so  thai  to  sec  distant  objects  the 
eye  bus  to  be  acconitnodaied.  This  defect  can  be  remedied  by  placing 
a  ronvM  lcn»  in  front  of  the  eye,  for  by  iliis  means  llie  focus  of  the 
combiattion  of  lens  and  eye  is  nearer  tli«  Crystalline  lens  than  when  no 
(pecinclc  lens  it  used. 

t^t  lite  minimum  distance  ai  which  a  lonjj-sighted  eye  can  see 
deaily  be  it,  and  it  l(e  required  to  l^nd  the  focal  lengih  of  a  convex  lens 
whkb  will  piudtice  distinct  vision  at  the  ordinary  distance  of  most 
distinct  viiiuii,  siiy  l\  1'hcn,  assuming  iliat  tli«  spectacle  lens  and  eye 
are  ckMc  toKciher,  ««  must  take  Ihe  focal  lend'th/  of  tlie  lens  such  ibai 
the  imAKc  produced  by  an  object  at  a  distance  D  must  be  on  tlie  stimt 
side  of  the  icnii  as  ihu  object,  and  at  n  distance  Irom  tbe  lens  d,  where 
d^D.    Hcicw  =  4-i7andi'>=  ■*-</.     Hence 

I     I      I 

Since  d  >s>/7,  '  will  be  [es*  than  j,  aitd  hence  4  and  therefore/ will 

be  ncgaiit-e,  and  the  tens  must  be  ronvcx,  which  agrees  with  the  con- 
clusion at  which  we  have  alrcndy  arrived. 

In  astigmatism  the  surfaces  ol  the  cornea,  and  the  lens,  but  principally  I 
the  fbmver,  are  uot  synmietncal  about  the  axiv  In  most  cases  the 
vertical  sccttoo  of  the  cornea  of  an  astigmatic  eye  is  more  curved  than  a 
horitoniat  scctioo,  so  that  the  iina^'e  of  a  boriMKital  line  is  formed  nearer 
the  crystalline  lens  than  the  imntc  of  a  vcnical  line.  Thit  defect  is 
remedied  by  the  um  r4  spectacles  in  which  the  surfaces  of  the  lenses  arc 
not  spheres,  but  ditfer  from  these  in  the  opposite  sense  to  tliat  of  the 
defective  eye. 

8&S.  The  Simple  Microscope,  or  Ha^lfyingr  Glass.— We  have 
seen  in  the  prcccdini(  section  ih.it  if  ne  nticmpi  to  increase  the  distii>ct- 
ness  wiih  which  an  object  ran  be  se«n  by  bringing  it  nearer  tbe  eye,  so 
tbal  it  appears  larger,  a  position  is  at  len^h  reached  such  that  if  we 
brinjt  >I  nearer  we  an  unable  to  see  it  at  all  distiiKtIy. 

If  a  cnnv«x  lens  is  placed  in  such  a  poiition  that  llie  object  an 
(Fif.  3»}  t*  between  the  principal  fonts  r  and  the  lens,  tbe  rays,  after 
they  leave  the  kni,  wilt  proceed  as  if  they  came  from  the  viniul  image 
a'B'.    This  tntagc  U  found  b)-  tbe  cooatniciiun  given  in  $  349,  ai»d  is  erect 
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Hri'l  iiiHftriiricil.    Now,  althoogh  the  image  a'b'  and  the  object  AB  subtend 
w-aiXf  \\\K  iiiiiic  an^'le  iit  the  eye,  yet  if  a'b'  is  aX  the  distance  of  distinct 
vi'.iiiri,  III)  miioviii^  the  lens  the  object  AB  would  be  seen  very  indis- 
tinctly,  it    being    so 
Pl  much  within  the  mini- 

/ft   '  mum  distance  of  dis- 

tinct vision.     Hence, 
to  find  the  magnifica- 
tion produced  by  the 
lens,  we  mustconipaie 
the  angle  subtended 
at    the    eye   by  the 
image   a'h"  with   the 
angle  subtended    by 
the  object  when  it  is 
at  the  minimum  dis- 
tance at  which  it  tan 
li.i  ,  t> Mill  »iiii,  .  .    M  .1.'      ir  the  rye  is  ven-  near  the  convex  lens,  the 
■iii),1.  »  ..ilii.ii.li-.l  In   ilii'  im.ki^r.  ,iiid  by  tho  object  '^-ken  al  Uu  distamce 
■--  ^'-x.-v.i  !-..•..  .ur  Miv  ui-jilv  pi]ti.i1  to  \ oi>'  and ac4i  rcspectirdy. 

Ui'i)>>'  ill.'  m.t}Lnilii\m.Nn  i\<-.)iul  "•>  ^^  .•:   ~T.or.ancelbe  triangles 
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:hf  i;:*;ani."<'  d  the  object  fttun 
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and  in  order  to  obtain  gn-atcr  mxiiniiiriiiion  a  cnmlnnaiion  of  convex 
lenses  (au»i  be  uwd,  called  it  compound  niicrotiropc.     In  its  ^iin[i1r»i 
fonn  Ibe  compound  microscope  cuoiists  of  taxi  convex  tenjws.  a  anil  B 
\  (f '(!■  S^'X    fi'*  I*"*  K  or  objecrire,  ii  of  sliort  focal  length,  and  is  *o 

y  placed  iluit  (he  ohjeci  Y<)  U  jusi  bcryond  iix  principal  fomx,  so  thai  a  real 

I  invencd  aixl  tlighily  majiiRificd  imaijc  i»  pnxluced  at  P'q'.    The  second 

r  Icos 

.t._ 


fIL- 
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Icos  or  eye-piece,  d,  is  placed  at  such  a  distance  from  tlie  objeciii-o  that 
the  image  fanned  by  llie  latter  is  Just  inside  t!ie  principal  focui  >',  and 
hence  ibe  cye-piecc,  acting  at  a  umple  microscope,  givct  a  virtual  and 
magnilted  imajfc  v'Kf. 

Smoe  the  nonnal  c)-c,  vbcn  at  re^t,  is  adjusted  for  an  abject  at  a 
grtai  ditiance,  i>.  for  paiallcl  my%,  it  is  Ins  trying  to  t)ie  eyes  if,  when- , 

I  ever  pOMible,  ue  arrange  an  optical  instrument  so  lliat  the  tjiys  that' 
enter  the  e>-e  an-  parallel.  In  the  cnse  of  the  compound  mlcmicopo  tliis 
can  be  caatly  done  far  if  the  Icn»  B  lie  placed  so  thai  ilie  ima^c  P'lj'  is 
lianncd  at  ita  prindpa!  focus,  then  ih«  rays  from  each  point  oj'  the  iroagv 


Fia  ^. 


r'r/,  after  paising  through  the  eyc-jMece,  will  em«ri;e  parallel,  as  shown 
in  F'^.  J3J.  Th*  anale  bctntcn  the  ray*  from  the  extreme  points  of  ihe 
object  vlten  they  enter  itie  eye  remains  practically  the  s.iTne,  as  in 
Kig.  311.  »'  that  Ilic  app.iient  »i«  of  the  im.>Ke  rrmaini  lite  *nnip  ;  «e 
ha>e,  howerer,  done  the  f«caMin>;  by  mctnt  of  the  imtnnncnt,  instead 
of'using  Ihe  accomnwdaiioii  of  tlvo  eye. 
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The  above  (bnn  of  micrtnctipe  ii  much  simpler  tlun  any  now  u'cd, 
but  to  K«  inl"  'l*c  ihcoty  of  the  laoderli  niicriMCopc  lo  Bny  pur|>OM: 
«-ould  be  bcyoivd  the  n-xijie  of  llii»  work.  On  atwMint  of  spherical 
nbcmilkoti  and  chronialic  ahcrTntinn,  both  the  objecli>-<r  uii<l  llic  eye-piece 
consist  of  combiiMtioos  of  lensca,  the  objci:iiv»  of  xoine  modern  high- 
power  inicnjM:i>pC9  lutvioK  as  many  as  irn  scpaislc  kntci. 

3&&.  The  Tel«S00pe.— A  telescope  is  an  instmnicnt  by  nhirh  n 
t]iit);nilicil  image  of  a  Juliini  object  iiiay  be  produced-  If  a  convex  lens 
is  lucd  lo  form  an  inui)!^  ■^'^^  dUtant  i>bjcct  on  a  »creea  the  ima^i;  wilt 
be  smaller  ihaii  the  object  in  the  ratio  of  the  distance  of  the  abject 
to  the  diiiUnce  of  the  screen  firom  lite  len*.  Suppose  the  object  U  al  a 
distance  /,  so  great  itui  ihc  image  i«  practically  at  ibe  principal  foctiii, 
i~x.  at  a  distance  F  from  (1>c  lens.  Then  if  .V  is  the  tiic  of  ihc  object, 
and  r  thai  of  the  image,  mre  hai-e — 

X     F 

7c°T 

If  ilie  image  is  viewed  at  the  dkHuin  cf  distinct  vision  Z>,  it  will 
nibtcnd  an  angle  which  in  angular  iae*Wf«  may  be  taken  to  be  7^ 

Also  the  object  when  looked  at  directly  inH  subtend  an  angle   . ,  since 

by  supposition  the  object  is  so  far  ofT  that  L  practically  give*  the 
distance  from  the  eye.     Hence  llie  iiinKniRcaiion  is 

Thus  if  the  distance  of  distinct  vision  is  30  cm.,  and  the  focal  length 
of  the  lens  is  60  on.,  the  luugnilication  produced  alien  a  dittant  objcci, 
such  as  the  moon,  is  viewed  will  be  3.     In  other  words,  the  diameter  of 


the  image  formed  on  the  retina,  when  the  image  on  the  screen  is  viewed, 
will  be  twice  the  diameter  of  the  imagu  produced  on  the  retina  when  the 
moon  is  viewed  directly. 

If  instead  of  receiving  the  imago  formed  by  the  convex  lens  on  a  screen 
we  view  it  through  an  eye-piece  lens,  then  we  can  obtain  further  magnilica- 
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tioB.  Th«  counc  of  a  pamllcl  beam  of  light  ihrouKh  such  a  combinHlion 
of  lenses,  called  an  attronoinical  idcKopc,  is  shown  in  f\%.  313.  An 
int-ene<t  and  diminisli«d  inuge  is  prodiMd  by  the  object-flii>i  ar  ai  p'o', 
ihc  principiil  fucas.  This  image,  being  at  the  principal  focus  of  (be  eye- 
kns  <hc  fXf%  frnm  «ach  point  of  Ibe  object  on  leaving  this  lens  will  be 
paiallel,  And  rntcring  the  eye  trill  produce  an  imajre.  Since  the  iin>tK<! 
Vii  is  invcncd,  and  the  vinual  imaKe  of  this  im3|;e  produced  by  Cli  is 
eicct,  the  l^nal  effect  is  ihai  &  ma^ilieil  inveitcd  imai-c  of  the  object 
b  si^cii- 

The  angle  made  by  the  niy*  from  llie  cxlrenie  points  ^q'  of  ihc 
image  f(<  when  they  enter  the  eye  is  o'o'P',  which,  since  this  angle  Is 

small,  is  equal  to  ^or^in  circular  measure,  if /is  the  foca!  length  of 

the  e>'c-t«n».    But 

■    *  m,^ 


m. 
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Hence  the  angle  between  the  rays  when  they  cotef  ll>e  eye  is 

FX 

But  ibc  angle  subtended  by  ibc  ob)cct  seen  without  any  tc!c*cope  is  j. 

HciKc  the  nuKnificaiian  b 

FXIX   F 

The  magnification  thus  depentii  on  the  ratio  of  the  focal  length  of  1 
object-giasa  to  Hut  of  the  cye-picre.  Inaeaiiog  (he  lUamtltr  at  the'' 
object-glau,  if  the  focal  Icngih  U  unaliered,  doe^  not  change  the  magni- 
fiatliun  ;  it  vill,  hoirever.  incmsc  the  htightneu  of  the  image,  for  il  will 
collcci  more  of  the  lays  iha(  leave  any  particular  point  of  the  object  and 
bring  tbem  to  a  point  in  the  image.  In  practice,  both  the  objcciglass 
and  the  eye-piece  consist  of  several  leniies,  so  as  to  avoid  cliromalit  and 
spherical  aberration. 

Tbe  iKiaKe  seen  in  an  asironomiral  telescope  is  inverted,  and  although  ^ 
this  does  not  mailer  for  astronomical  purpou^  >ti  it   would  be  ^"ery 
incomi-entenl  when  the  telescope  is  used  to  view  terrestiial  objects. 

An  elect  image  i>  obtained  by  placing  l«'o  convex  tenses  be<n«en  the 
object-glass  and  eyepiece.  Tliese  two  lenses  ai«  at  a  distance  apart 
equal  to  the  sum  of  iltcir  focal  lengths  and  th«  one  nearer  the  objeciire 
b  placed  so  thsi  the  image  formed  by  the  nhJKlive  is  ai  the  principal 
focus  of  this  lens.  In  Fig.  J14  p'g'  b  the  image  formrd  by  (be  objectis*, 
and  as  dib  intagv  b  a(  the  principal  focus  of  the  IcM  M^  all  tlM  nys 
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leaving  any  point  of  ibe  obJEd  will,  after  (tieir  pflSMgc  through  l}i«  lens 
M],  be  iKirallcl.  Tlicse  panllel  raji,  Tallin);  <in  ihc  Itns  »l,  fo'ni  an  iii^n^-e 
?"(/  M  the  principal  focus,  r",  of  lliis  ten*,  wlitch  iina)!*^  '*  invprlcd  with 
reference  to  f'y't  sii''  bence  treci  with  rtfcrencc  to  ilie  ntgcct.  Thi* 
iiii^X'i  •'"'/.  's  ^'icwi  by  nn  c)«-piecc  as  in  the  atlmiiomioal  IvIeMrope. 
The  two  knwi  M,  and  M,  serve  tiinply  lo  j(ivc  an  eten  iiTia)£C,  anil  ate 
fixed  ai  a  constant  disianoc  apart.  The  tetoscope  is  fociiswci  by  alicniiK 
their  distani-i^  from  the  objcct-Riass,  !h>  thai  the  ima^iC  formed  by  th« 
latter  is  always  ai  the  principal  focus  of  U,. 


Fiu.  3*4. 

A  fort»  of  telescope  which  gives  an  erect  iniagv  witli  only  two  lemcs, 
and  which  ean  be  made  much  sttoner  t)mn  Ilic  lern-strial  tclescape 
described  alwve,  is  C:ililco's.  This  fomi  of  telescope  oottsists  of  a  convex 
leii»  as  objccl-);ta;s.  All  (Tig.  325},  and  a  concave  lens,  CI>,  a!i  eye-piece. 
If  cn  were  not  pre^icnt  tht  convex  lens  wui;ld  fonn  a  real  image  at  P'g'j 
wheii  the  concave  lens  is  interposed  between  AB  and  the  image,  so  that 


the  distance  o'f  is  equal  to  the  focal  Icnjjih  of  CD,  the  raj-i  of  light  from 
any  one  point  of  the  object  wilt  be  parallel  after  ihey  leave  this  lens. 
Hence,  as  shown  in  the  fit'tire  in  full  lines,  for  a  ikdcU  of  rays  coniing' 
from  the  point  P  of  the  object,  the  rays  will  enter  the  eye  in  the  direction 
P"R,  while  a  pencil  coming  from  y  will,  as  shown  by  the  dotted  lines, 
enter  the  eye  in  the  direction  Q"!>,  SO  that  the  eye  sees  an  enlarged  and 
erect  image.  The  magnification  is,  as  before,  equal  to  /-y,  where  F  is  the 
focal  length  of  the  objective  and  /  that  of  the  cye-piccc  In  Galileo's 
telescope  the  distance  bciwccn  the  objective  and  cyc-pieoe  is  /'-/(  while 
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in  tlw  utrunomica]  tdncape  ti  is  /■'+/  brace  ibc  Mving  in  length  for 
an  c(|cm]  magniryint:  power,  and  wiih  o1iJcnit<e«  of  ccfual  focal  IcnglK 
Opcni  and  6<;W  glaMcs  contisi  of  two  OAlilran  telescopes,  one  for  each 
eycs  the  disiancc  between  the  ohjeciives  and  ej-e-pit^tcs  being  v^irinblc 
hy  means  of  a  screw,  ut  that  the  image  formed  by  the  objective  may 
D  alunyg  be  fotiiied  at  the  principal  focus  of  the  eye-piece. 

I  366,  The  Optical  Lantern. — Thu  optical  or  magic  Inntcni  i«  an 

I  ainuigonent  by  which  lui  enlarged  image  of  an  object  can  be  thrown  on 

I  a  screen.    A  convex  lra«  or  syiicm  of  lenws  is  used  to  form  the  image, 

I  btrt  sine*  the  image  is  considerably  magnified,  the  light  which  the  len« 


Fio.  jA 


receives  fium  the  object  is  spread  over  a  large  area,  and  hence,  iinlcst 
the  object  U  wrj  brightly  itlmniiialcd,  the  image  will  be  very  feeble. 

In  from  of  a  brilliant  source  of  light  s,  such  a:i  an  electric  arc  or  an 
oxyhydrogcn  litnc-light,  is  placed  a  pair  of  plano-convex  letues  C  (Fig.  31GX 
which  converge  the  ray*  from  s,  so  that  they  ilUiminntc  the  object  pq 
tiniformly.  A  cuavcx  lens  a  is  then  used  to  fotm  an  enlarged  nnBge, 
p'g',  of  the  illivninaied  object  on  the  screen. 

S&7.  Methods  of  Veasuringr  the  Berraetlve  Index. -The 
commonly  employed  mcihod  of  dciermimng  the  refnictivc  index  of 
labstaiKC  is  to  take  a  prixm  of 
the   sutntancc,  if  a  wttid,  or  a 
hollow  glass  prism  lille*!  with 
the  Kibtiance  if  it  is  a  (luid,and 
10  meftxnrc    the    angle  of  the 
prism  6  aixl  the.  angle  of  mini-  ■ 
mum  deviation  A,  the  refractive 
index  being  then  obtained  from 
the  fofinub 

'*"      sin  \f  ■ 

TIw  quaiuitie*  £  aiKl  0  can 
txith  be  Ricuurod  by  meant  of 
an  ituimoMat  called  a  tpedro- 
meter.  Thb  insirtiment  consiitt 
of  a  gradiiated  circle  ABC  (Kig.  337),  having  a  small  aitronoraical  tcl©- 
•cope  PC  attached  to  aii  arm  which  can  lutaie  round  the  centra  of  tlie 
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circle,  iho  position  of  Ihe  telescope  licing  trad  by  means  of  a  I'crnier  v. 
A  tube  DC,  called  tlic  collinuioc.  is  I'livO  nilialty  to  th«  •  ircte,  and  lia&  a 
narrow  vertical  slit  n  at  one  end  and  a  con»tx  lens  at  ilic  other.  The 
distance  between  the  slit  and  the  lem  i«  ei^uat  t»  ilie  fncat  iengtii  of  the 
lens,  va  ihai  when  ihe  sltl  is  illuminnicil  hy  a  saurce  of  light  L,  the  rays 
of  li^hi  that  leave  the  lens  K  arc  nil  piiTnllcl. 

The  piisii)  r  is  pUcctI  on  n  «niatl  table  attached  to  the  circle,  and 
when  (he  rertactia^  anyle  is  b«ing  measured,  iIm:  refntciing  cdg«  is 
turned  tuit'ards  the  culliinaior  iu  shown  in  tlic  fi((UTe.  The  tdeacopA 
is  then  turned  till  the  innige  of  the  slit,  seen  by  rcBection  from  one 
face  nf  the  ptism,  coindilrt  with  the  inlcnrction  of  two  fine  crost* 
wires  placed  in  the  eye- piece,  and  ihc  verrier  ii  read.  The  telcicnpc 
is  then  turned  till  the  iiiia^  foimed  by  rcficctinn  from  the  other  lace 
coincides  witli  the  inteneciion  of  the  crois  wire^  and  ilic  vernier  a^iaj 
read.    The  difference  between  ilic  rertiier  readinj^s  K''''^*!  »*  sliowa 

S  336.  =ft 

In  order  10  determine  Jt  the  prism  is  removed,  and  the  vernier  leading 
obtained  when  the  telescope  is  liirncd  sci  as  In  si-c  the  slit  direct,  ihu 
oblaimng  the  reading  for  the  direction  of  Ihc  incident  rayt.  The  pris 
is  iheti  placed  so  ihni  ihc  light  falls  on  one  of  the  faces,  and  the  tclescof) 
turned  so  as  10  catth  the  deviated  rays,  By  luiuiiii;  the  prism  round  «' 
vertical  aiii  n  poiiiion  ii  found  suirh  thai  if  it  is  turned  in  cither  <hre<:tion, 
in  order  to  c.-itch  the  deviated  light,  the  telescope  has  tti  be  rotated 
towatds  the  collimator,  or,  in  olhcr  words,  the  pcisin  is  set  at  mininnina') 
devi.iiion  by  trial.  When  tills  h^s  been  done,  the  vernier  is  read  when 
the  deviated  iinaye  coincides  with  the  cms*  wires,  and  the  dilTerence 
lictwccn  this  reading  and  that  for  the  dtiecl  light  jjives  & 

Another  method  of  dcteraiininK  the  tefraciivc  index  of  a  medium 
depends  on  the  fact,  ns  shown  in  g  343,  that  a  point  r  at  a  depth  d 
below  the  surface  of  a  inethum  of  rcfractlic  Index, 
^,  appears,  when  viewed  nonnally,  as  if  il  were  at 
a  depth  li]^.  In  onlcr  to  apply  this  method,  a 
microscope  C  (^\%.  326)  ix  arranged  so  that  it  can 
move  in  a  vertical  dincciion,  and  the  distance 
through  which  it  is  moved  can  ba  read  on  a 
scale. 

llie  microscope  is  first  focussed   on  a  fine 

fl scratch  P  on  ihe  surface  of  the  xtnge,  a  plate  ab 

of  the  mairrial  is  then  inirodiiced,  and  the  micro- 
.p'  B  scflpe  again  focussed  on  the  scrntcli  P,  which  will 

— 1  . DOW  appear  to  lie  at  p',  so  thai  the  diMance  thiouj^h 

"  which  the  microscope  will  have  to  be  raised  will  he 

equal  to  pi'.     Next,  the  microscope  is  focussed  on 

a  tine  line  ij  on  the  upper  surface  of  the  slab.     The  difference  between 

the  first  and  last  readinfis  on  the  vertical  scale  of  the  microscope  gives  d 
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the  thkkncst  of  tlie  »Iub^  and  tlie  difTvrencc  bciwccn  the  second  and  third 
gives  p'q.    Then  . 

A  very  convenient  ineibod  of  mcASiiiinj^  the  lefraclire  indox  of  a 
»ubst;inc«,  pnnicnbrljr  for  li<iiiiiis  or  when  only  a  small  (|uiint'>iy  tan  be 
piDciitcd,  depends  on  ihc  mei»ureii)pn[  uf  iIib  critical  aiijjlc  {%  J44)  m 
whirl)  lowl  rcflcclion  begins.  SupjXMc  n't:  liave  tiro  plaits  of  gtas*  AB 
and  a>  (Fit:-  319)  <itcd  iogeih«^r  in 
Mich  a  way  Ihi^i  they  include  a  film 
of  air  iLV,  and  that  the  n-licile  w  iiii- 
mennt  in  a  fluid.  Let  ut  lhU  ibv 
fluid  medium  1,  the  glasi  medium  3, 
and  ibc  air  medium  3.  Then  if  a  lay 
of  li);hl  iravelltng  in  mcditim  1  it 
tnctdcDl  ai  an  an^lc  n  on  Ihc  glas^, 
(lie  refracted  ray  00'  will  be  inclined 
at  angle  $  to  the  noimaL  Since  An 
i*  a  parallel -sided  plaie,  t)ie  ray  «ill 
be  incident  on  the  fate  se|iaraliny  llie 
giBM  from  the  nir  n1  an  anjilc  jff. 

If  now  All  and  i.'i>  arc  turned  roiind, 
IV.  the  angle  of  incidcncu  a  is  altered  till  the  ray  (xV  i»  Just  loiall)'  rcrtectcd 
at  O,  that  t],  till  ^  is  the  cnlical  angle  from  glas^  to  air,  iv«  liavc  the 
following  relations : —  • 

iin"j9"»^ 


^Asn^ 
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Hence  sabRitnting 

of 

Hence 


sin^ 


-sin  y9. ,0,-1, 


■in  a .  jiii|<Bl. 
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*"l- 


sin  a 


Dut  A  ii  llie  tefnxciivc  index  from  medium  3  10  medium  i,  r'j*.  from 
ait  to  the  liquid,  wbicli  15  what  we  lure  called  the  relraeii^'e  Index  of  the 
liquid.     Hence  if  wc  c^in  meaiure  a  we  can  calculate  />. 

To  determine  the  an{>lc  ■■,  a  parallel  beam  tA  light  \s  allowed  to  tra- 
vene  a  >;lau-uded  trough  containing  the  liquid,  and  (lie  glaxs  plates,  which 
are  attached  to  a  divided  drcle,  arc  routed  litl  the  light  is  no  longer 
iiaiumttted  through  the  air  film.  The  position  of  ilie  plates  is  then  read 
on  the  cirde.and  they  are  tunved  in  the  oppoiiie  direction,  till  llic  light  ia  , 
again  locally  reflected,  i>.  till  the  light  is  incident  i.long  I'o.  The  differenc«J 
between  the  bow  reading  and  the  previous  one  gives  twice  the  angle  a. 


CHAPTER    IV 

PHOTOMETRY 

S6S.  niumtaKtinff  power  and  [nienslty  or  tUuminatlon.— it  ii ' 
a  mailer  of  cominoii  obtcn'aiion  titat  ilic  nmoiiiit  •<(  liglii  einiited  bjr 
tliffetftit  soiirMs  ix  vec>*  iliffci-'iit,  and  before  proLCnlnig  to  (lc:icrib<:  the 
rticlhodi  employed  for  toriiparing  ibu  aiiioiint  of  liglil  emittc<l  by  iwo 
xoun'ci,  wc  mur.1  first  coiisidct  how  wc  are  to  define  the  antouiii  of  light 
emilicd  by  a  source.  Suppose  a  point  O  to  be  a  source  of  li^hi  which  is 
emitting,'  li(;ht  in  alt  diicctinn^.  If  a  sphere  be  (icsrtibcii  round  O  as 
centre,  all  the  lij^hi  cmitied  by  ilic  source  will  fnllupon  tbi»  sphere.  Henoe 
tlie  quantity  of  li^hi  which  falls  on  unit  area  of  (he  sphere  will  be  propor^ 
tioiuil  to  tbe  ([uantity  of  li);bi  emilicd  by  ilic  s<nin«. 

Tims  if  we  keep  the  radiua  of  the  sphen:  the  same,  and  use  difTcreiit 
tourcet,  ihci|iianiiiiRs  of  liKhi  which  fall  on  iitiil  area  will  be  proportional 
to  the  qiianiiiics  of  light  emiiied  by  the  sources.  If  the  radiiis  of  ihe 
sphere  be  unity,  the  quantity  of  Ughi  which  fall;  on  unit  area  of  its 
Stirfacc  is  taken  as  the  nicasurc  of  the  [//ittniniiii'rg/'pwrr  of  llic  source. 
It  iK  vvidctit  that,  since  the  area  of  a  sphere  of  unit  radius  is  4ir,  the 
illuminating  power  represents  i/4~  of  the  total  liyht  emitted  by  the 
source,  if  the  souti^e  emits  light  unifoimily  in  all  directions. 

The  <|uantity  of  light  which  is  received  by  unit  area  of  a  ffiven  surface, 
which  ii  placed  nonnally  to  the  incident  light,  is  called  \\i6  Jntmstt^of 
ilfiim'fia/iiifi  of  the  Miifacc.  If  the  sur£ioe  is  uniformly  illuminated,  tno 
IOt.ll  <iiianlily  of  light  received  by  the  turfiioc  is  equ.il  to  the  product  o( 
the  area  into  Ibe  Inicnsiiy  of  illumination.  If  the  illumination  is  not 
uniform,  the  intensity  of  illumination  at  a  point  is  the  (|iiolient  of  the 
quantity  of  light  received  by  an  element  of  area  surrounding  the  point, 
which  is  so  small  that  over  it  tbe  intensity  of  the  light  it  unifonn,  by  the 
clement  of  area  (^  S  3'). 

369.  The  Law  of  Inverse  Squai«.~ConKidcr  a  luminous  tourc« 
<J,  of  whirb  tbe  illuminating  power  in  .ill  direclions  is  £',  then,  if  with  O 
as  centre  we  describe  a  sphere  of  unit  radius,  the  <)i;anlily  of  light  which 
falls  on  imit  area  of  this  sphere,  or  the  iniensiiy  of  illumination  on  the 
sphere,  will  bef,  and  the  total  quamityof  light  which  foils  on  the  sphere 
will  be  4w£.  If  now  wc  take  round  (?as  crnlre  anolhtr  ipherr  of  radius 
r,  the  first  sphere  being  removed,  the  whole  of  the  light  emitted  by  the 
source  must  fall  on  the  surface  of  this  iphetr.  Hence,  since  the  tola] 
(luantity  of  light  emitted  by  the  source  is  4>r£',  and  the  surface  of  the 
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tpbMc  is  jrr',  and  a  everywhere  M  right  anicles  to  the  incidvifl  light, 
lli«  inlcnsily  of  tlliimination  im  the  tiirlitrc  of  the  iphere  h 

AtE     E 

Thu«  ihc  inif^nnity  of  the  illiimi nation  vitHcs  inversely  as  lh«  M|tiar4 
of  the  diunnrc  rimn  the  luminout  uuinx,  ^Thit  Uw  it  hnown  lU  the 
inverse  »quarc  l.iw.  ) 

SiiKc  light  is  pi»pa(;ated  In  straiKbi  lines,  the  invcTjo  square  law 
\ikMs  i(  (lie  illiuninaiiiiK  power  of  the  source  is  difl«reitl  in  dilTeicnl 
din^tiont. 

'Dim  suppose  O  (Fit;.  33^) '"  '^  luminous  >otir<.-c,  :ind  ABcn  is  m  sinall 
«|aar«  aperture,  each  silk  of  nhicb  ii  of  length  /,  in  a  screen  pUced  at 
a  distance  di  from  the  sounc,  and 
the  light  which  pasMs  Uiraugh  this 
apcituic  is  received  on  a  screen 
aVc*!/  at  a  distance  •<«  from  llic 
soBrcci.  If  AKD  and  aVc'd'  arc 
at  n  co*isiJ*rable  dimaiice  (rum  ilie 
wiurce.  ctnnpatcd  to  thcic  area,  the 
intcnxily  of  ilhitninnlion  will  he 
ptariicntly   uniform    on    each,   and  i  ...    ;>> 

ihc  lighi  whi*:h  wouM  fall  on  Aiorii, 

if  the  aperture  were  filled  tip,  now  foils  on  aVc*!)'.  Since  li^ltl  is  pro- 
pagxtcd  in  straight  lines,  we  haw,  from  the  similar   iriant.'les    HOC 

Mldl^OC', 


flcBW  Ibe  area  A'Kiftf  is 


But  tiM)  an-a  of  abcd  is  A    Hence  if /it  the  qiiamity  of  light  whicli  fatU 
on  ABCD  or  aVc'u',  wc  liafe 

lmttHiHyofiUuminati«m^ABCD  ^_IJP 
ImtenHty  of  iUuminatiott  «f  j^ffVIf^'APd^ 


■% 


So  that.  M  before,  ibc  inieiuity  of  illinniiutttoti  it  inveiMly  as  ibr  square 
of  the  tlbnace  ;  and  in  this  case  we  may  take  the  area  ARCD  u  small  as 
we  please^  10  that  tlic  law  applies  to  the  light  cmitied  frwB  a  soum  in 
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.iny  g^rn  dlrrriion,  whether  the  Uhimiiuling  powcT  is  ihe  same  in  all 
ilircrlioas  or  nnl. 

860.  Dnit  of  Illumlnatinfr  Power.— We  have  hiiheno  tpoUcn  of 
ihc  quuiilily  of  lislu  emitlcd  by  a  loorce  or  teccivcd  by  n  iii:recn,  hm 
have  noi  laid  anyihtiij;  as  lu  what  muutirc  of  this  quantity  is  iiscd.  Ak 
wc  have  tin  meaiii  of  measurinj;  this  qiianiily  absolulrly,  wc  have  to 
.idnpt  liomc  Mandard  source  of  light,  unA  my  that  it&  illuiiiiiiatlii);  pon-er 
i^  unity.  The  standard  ordinarily  in  u»c  In  lhi«  cuuntry,  allliough  a  iiiosi 
iiiiMiisfactory  And  variabk  on«,  is  the  illumiiuitiiii;  power  ofa  ''standard 
candle,"  The  standard  candle  is  *  S]Jcrni  tandle,  of  which  six  weigh  a 
pound,  which  burns  120  Kiaini  f7.776  grami,^  of  waic  in  the  h<iur.  The 
candle  power  of  any  source  h  then  tlie  number  of  standard  candles  which 
would  liavc  the  same  illuminaiinj!  power  as  the  given  source.  Oiher 
standards  of  iltuminaiing  power  arc  the  Catcel  and  the  Hofncr'Ahcneck 
lanip.  Tlie  CarccI  is  a  lamp  burning  coIm  oil  ai  a  fixcil  raie,  and  the 
Hefner-AUeneck  a  lamp  burninj;  amyl-acctaic,  ibe  beiglit  of  the  flame 
Iteing  adjuiled  lu  a  lixcd  %aliK-  Of  these  the  latter  is  much  more  con- 
ttani  than  cither  the  Cared  or  the  standard  candle.  Violle  ha*  propoied 
to  me,  at  a  iiandard,  the  li){hl  emitted  noriDsIly  by  a  (quare  ccniitncire 
of  plnlinuin  at  the  temperature  of  iii  melting-point,  but  thit  can  hardly 
lie  described  as  a  ptaclical)1c  standard  for  jfuneial  uxe. 

361.  Photometry. —Although  the  e)-c  iii  only  capable  ofverj-  roughly 
eslintating  the  fclalivc  intensity  of  the  illumination  of  two  Mirifaces,  j-et 
it  is  capable  nf  telling  with  considerable  accuracy  when  two  adjaccni  sur- 
faces arc  ilhimin.ited  with  equal  inicnsity.  Hence,  to  compare  the  tltumi- 
natinK  powers  of  too  sources,  ilicy  arc  so  arranged  thai  two  adjacent 
{uitclies  on  a  screen,  each  patch  being  illuminaied  by  only  one  of  the 
sources,  appear  illuminalcd  with  the  same  intensity.  Now  if  /,  and  /, 
arc  the  illuminatinjtpowertof  the  source:!,  and  i/j,i/,  the  distances  between 
each  source  and  the  patch  i>f  ihc  jtrccn  which  //  illwnimiUs  when  the 
intensity  of  iltuminalion  of  the  two  patches  is  the  same,  wc  have  that  the 
iiltvasiiy  of  ihc  illumination  due  to  one  source  at  its  patch  is  iyd^,  and 
that  due  to  tlie  other  at  its  patch  is  I^d^.  Hencc^  since  llrese  intensities 
are  equal,  we  have 

5?  :?■ 


or 


tit  the  illuminating  powers  of  the  two  sources  are  directly  as  the  s<iuarc 
of  the  distances  at  wliicli  ihty  ic^pcitively  produce  ciitial  inlcn^iiics  of 
illumination. 

There  arc  a  number  of  arrangements  in  use  for  obtaining  the  two 
patches,  illitiiiinated  each  by  a  separate  source,  in  siicli  leUtivc  positions 
thai  any  difference  in  their  intcositie*  of  illumination  may  most  easily  be 


r 


deteacd  by  the  eye.  One  of  Ihe  umplesi  phdemelen,  ju  the  inslntmenu 
u»«(t  for  coniparing  the  illuminatinK  pcraen  of  two  light*  are  cstltcd,  is 
thut  due  to  KumfanL 

A  KumJorifs  photomeier  cnntixis  of  nn  upright  screen  AB  (Fig,  331X 
which  >*  covered  with  while  inifcbxcd  (upcr — '•hiic  blot  ling- paper  does 
very  well— and  in  front  of  which  an  tipright  opatiuc  roti  It  iilwut  an  inch 
in  diameter  Ji  placed.  There  are  two  stalei,  M  and  N,  inclined  at  the 
Mn>c  angle  to  the  jcrten.  along  aiiicli  the  two  sounres,  i-  nnd  <j,  cm  he 
nmved.  I  f  the  *ource  P  only  were  present,  the  rod  R  would  rasi  a  thadow 
fdon  tlie  screen,  while  if  the  lij;!it  y  only  were  present,  the  shadow  of  the 
rod  would  be  at  iif.  Hence  when  tioib  liiihts  arc  present,  while  ibc  parts 
Ka  and  i?B  of  the  screen  are  itluniinated  by  the  t»o  sources,  the  part  '/A, 
whicli  receives  00  light  from  p  owing  to  Ihc  iiiterpotilion  of  the  opaque 
md,  i*  only  illumiosited  by  g,  and  the  part  of  is  only  illumin.ited  by  C. 
If,  then,  the  diu^nces  of  ilie  lights  from  ihc  scieeii  are  adjusted  till  the 
two  paiclies/'/  and  of  are  ciiually  illuminated,  we  shall  have  that  the 
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source  p  produce*,  al  (be  distance  of  P  from  a},  ihc  same  intensity  of 
illnmioation  as  the  source  Q  prndacei  al  the  distance  of  Q  from  jS. 
HenCK  if  //,  is  the  distance  of  P  from  the  part  of  the  urten  wliich  11  only 
illuminates,  nainety  a/,  and  if,  is  Ihe  distance  of  >J  from  the  part  of  the 
screen  il  only  ilium  inaie*,  namely /<>i  wc  get,  if/,  and  /,  ate  the  illiuni- 
nattng  powers  of  P  and  Q  respectively,  that 

The  distance  of  the  tod  X  from  the  screen  is  adjusted  to  that  the 
shadows  of  the  rod  cast  by  the  two  lights  just  tnwch  one  another,  as  il 
is  fMind  that  Ihe  eye  can  best  judge  when  they  are  e<)tially  illuminated 
imder  these  cimimstanccs. 

Another  form  of  plvmometer  which  is  frequently  used  is  Bnnsen's 
ItteaM-spol  photometer.  This  photometer  consists  of  a  small  screen 
which  lias  a  central  spot  of  grease,  or  in  some  other  way  is  onnstrticted 
to  that  Ihe  central  portion  is  nM»e  trBntlucent  than  the  surrounding 
panv  If  such  a  screen  is  held  between  the  eye  and  a  source  of  light, 
more  of  Ihe  light  pastes  through  ibe  srcase-spol  llian  through  Ihe  snr- 
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rnuntling  more  o;ia<)iie  parls  of  ihc  sciccni  so  tliat  the  t[ioi  npprfira 
l)nt,'hicr  (hail  ihc  Miiiuundin);  papvr.  If,  how»«r,  ihe  «<7c«n  is  lidd 
ngaiiist  s  (Urk  iMokgrounil  and  illmiiinati.-il  from  the  from,  the  grease- 
spot  will  appear  (lark,  for  more  of  tli«  light  which  i»  incident  00  the 
screen  is  transmitted  tlitough  the  spot  th.tn  through  the  test  of  the 
screen,  nn<l  lience  \a»  it  reflected  or  <liffuic!i]  10  as  to  reach  ihc  eye  hy 
the  spot  th^n  by  the  surrotrndin);  pans,  If  the  scrern  is  equally  illumi- 
naicii  on  bolh  sides,  then  the  spoi  nifiii^rs  1rf-s  at  tlic  light  rprcivcd  from 
tl)c  one  lource  than  the  surrouiidin);  pans  l»'l  '"■  imn^nilis  more  of  the 
light  fri>m  the  oilier  source,  so  tlial  these  tu'o  cfTeci*  just  neiitralisc  one 
another,  and  the  spot  appears  of  Uic  t>aiiii:  bii^liiiicis  a.'i  the  sui  rounding 
papei. 

The  screen  "itli  the  grease-spot  is  placed  belween  the  two  sources 
whose  intensities  have  to  be  compared,  and  moved  about  till  the  iircase* 
spot  can  no  longer  be  tlislinKuishcd  rrnm  ihc  rest  of  the  screen.  If, 
when  this  adjuslmcnt  has  bern  made,  ihe  distances  of  the  two  sources 
from  the  screen  arc  </|  and  i/g,  we  have,  as  before^ 

In  tising  Bunserfs  photometer,  ii  is  of  assistance  if  bolh  sides  of  the 
screen  can  Iw  seen  siimilianeously.  The  usual  arrangement  employed 
(0  secure  tliis  end  is  a  system  of  two  mirrors  inclined  at  45°  to  the  screen. 

Wiih  this  aiTangeinent  one  side  of 
ihc  sfreen  is  seen  with  one  eye 
and  the  other  with  ihc  other,  so  thai 
if,  as  is  generally  found  to  be  ihe 
case,  one  eye  is  more  sensitive  than 
ihe  other,  a  wrong  selling  may  be 
made-  This  source  of  error  is  re- 
moved in  ihe  Lumnjer  -  ISrodhun 
photometer,  which  conaisls  of  an 
opaijue  sftcen  AB  (Fig-  351),  each 
side  being  illuminated  by  one  of  the 
sources  which  arc  to  be  compared. 
The  two  sides  of  the  screen  arc 
viewed  by  means  of  iivo  plane  mir- 
rors, Ml  and  Mf.  and  a  double  glass 
priim,cix  Thispritmconsisisoflwo 
rinbi-angled  prisms,  ihe  longest  face 
of  one  iK-ing  partly  bevelled  away, 
fastened  together  with  Canada  Iial- 
nm.  Owbg  to  lotal  iniemal  reflcclion  (g  544)i  ''"=  central  rays  reaching 
an  eye  at  K  tome  from  the  Icfi-hand  face  of  ihe  screen,  and  the  sur. 
nwidin^  raj-s  come  from  ibc  right-hand  side,  as  is  shown  in  ilie  figure;. 
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Hence  ihe  obterver  more*  the  pboinmcicr  till  the  central  jnich  l.  and 
circumfoif  filial  parti  K  appear  of  the  tame  brighmeM,  nlieii  iIk  intcnsiij' 
of  tlie  lUuiniiuition  on  the  iwo  wdcs  of  the  screen  b  ilic  Eiaiiii; ;  ihc  rcliitive 
powen  of  the  iwu  sources  is  tlien  as  The  sqiuitc  of  their  distances  frum 

the  KTTcn. 

The  K'Utivc  iltiiminaiint,'  power*  of  m-o  sources  \s  nnly  viiicil)-  coni' 
panble  when  ttie  ci>Juiir  of  il>c  li^ht  eniiitc<l  i»  ihc  sainL-  fur  both.  If  the 
ciJoun  tliBer,  we  tan  only  cumpare  llicir  illiiniiniiling  power  for  the  li|;btt 
ol  dilTcrrnt  irave-lcnglh  which  arc  inrlviiled  in  the  lij[ht  given  by  both 
HKirfvs.  In  Older  to  perform  iliis  coniiKtrison,  a  spcctnim  (^  3A7)  is 
fotmcd  uith  the  light  from  each  wurce,  and  the  inten»iti«  of  the  dif- 
ferent poitioos  of  the  spectra  which  are  common  to  both  are  compared. 
A  roufh  nHnpartMtn  can  be  maiie  by  comparinji  the  powers  of  the  t«« 
totiTccs  when  a  ted,  a  yellow,  und  a  Uue-co1our>cd  ^Um  i»  placed  in  turn 
between  each  scarce  and  ihe  photometer  screen.  The  thice  values  for 
the  tcUiii-e  illuminating  powers  thus  obtained  will  give  an  idea  as  to  the 
relative  composition  of  the  light  nifen  by  Ihe  two  sourcvi. 


382.  FlnlM  Velocity  of  Light— R6mer.— An  entirely  new  era  In 
ihc  hiMory  of  ili{>  scicn<e  of  lij;lit  «*;is  introduowi  by  ihe  l>j)nish 
aMronviiner  ROmt-r  iti  1676,  when  he  not  only  shou-ed  thai  light  <I'k1 
not  travel  msianI;ineou»ly,  an  had  been  previously  xuppoxciL  Sut  nlsa 
nica.iund  the  vclodty  with  which  light  travels  through  inicrplaneiar)- 
spate. 

The  planet  Jupiict  ha.t  four  moons,  and  as  these  n-voU-c  lound  the 
planet  they  disappear  once  in  each  revolution,  for  when  lliey  pass  imo 
the  shadow  of  ihc  phnct  cast  by  the  ivm  they  betomc  invisible,  and  are 
said  Id  be  eclipsed,  for  wc  onh'  see  the  planets  and  their  saicilites  by  th« 
hKhl  of  ihc  sun  which  they  icjlccl. 

If  any  one  of  Jupiter's  moons  revolve*  round  the  planet  with  a 
uniform  angular  velodty,  as  is  the  case  with  our  moon,  then  the  time 
which  elapses  between  one  passage  of  Ihc  moon  into  the  shadow  and 
the  next  oii^ht  to  be  constant,  since  it  would  be  equal  to  Ihc  periodic 

time  of  the  moon's  re»'oluiion  round 
the  planet.  However,  if  the  limes 
between  successive  eclipses  of  the 
planet  are  noted,  as  seen  from  the 
earth,  it  is  fouiid  that  they  arc  not 
all  equal. 

ROiner  accounted  for  this  phe- 
nomciKin  liy  supposing  that  light 
look  an  appreciable  linie  to  travel 
from  Jupiier  to  the  csrth.  Let  S 
(fig-  3.13)  1«!  the  sun,  k  ibe  e%nh, 
and  J  Jupiter ;  and  suppose  that 
when  an  ccliptie  of  one  of  the  utoons 
occurs  ihcse  three  are  in  the  rela- 
tive positions  shown,  the  earth 
being  at  its  nearest  point  to  Jupiter. 
When  the  next  eclipse  occurs,  ihe 
carlh  will  have  moved  round  in  its 
orbit  to  some  such  position  as  F.„  while  Jupiier  will  have  only  moved 
a  »hori  distance  round  in  its  orbit,  ilenre  the  disinncc  beiwccti  ihc 
carih  and  Jupiter  i»  now  j^cater  than  before.      If   ('  is  the  tpecd 
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with  which  light  traveU,  then  the  obwrTed  lim«  st^hich  the  eclipse 
occur*  when  the  «ailh  is  HI  R  trill  be  at  a  time  CJjf,  ix.  the  lime 
taken  by  llic  li^hi  10  iratcti^  the  ^pacc  i.j,  after  the  actual  eclipse. 
Wlwo  the  canh  b  at  k,,  the  observed  lime  will  he  E|i/riaier  iban  the 
actual  time.  Hence,  if  9  is  the  actual  lime  be[«'«cn  iwo  tticccssive 
eclipses,  ihe  observed  interval  it  $*V^llV  -V.)<%',  and  «ince  Kj  is  jp«aier 
tban  EJ,  the  observed  interval  will  lie  greater  than  ihc  true  interval ;  *ince, 
htMrever,  n«  cannot  observe  the  true  interval  B,  ibr  quantity  Ccannot  be 
calculated  from  the  ohsen-ation  of  a  lin^'le  internal  in  thi^  way. 

At  each  successive  eclipse  ihe  earih  will  be  (iiriher  and  ftirthei  away 
from  Jupiter,  till  finally  they  come  into  the  positions  /■,  lU,  when  they 
ar«  ac  tbeir  maximum  distance  aparL  After  this,  ai  each  8ucce«sive 
oclipu  the  diiunce  will  diminiali,  and  hence  the  observed  inten-al  be 
leu  than  the  true  inierviil. 

Suppose  that  n  eclipses  occur  between  that  which  occun  when  Jupiter 
and  the  earth  are  nearest  together  (at  conjunction),  and  that  which 
occors  when  they  are  at  their  greaccsl  distance  (opposilion),  the  actual 
interval  bciwccn  the  first  and  last  of  these  eclipses  is  h0.  The  observed 
interval  is  wtf +■»>;■/ 1'-  i.J/f'^  or  if  i/i»  the  diameter  of  iheearih'i  otbii, 
%0  that  ei^Ja-KJ-(A  the  observed  intcn-al  1\  is  wd  +  .r'i  K 

The  Actual  inlen-al  between  the  etiipse  when  ihe  earth  it  at  oppoti- 
lion  and  the  one  when  it  is  again  al  conjunciion  will  also  be  nQ.  The 
observed  interval,  T^  since  at  the  end  of  the  series  ihc  caiih  is  nearer 
Jupiter  ihan  ai  the  commencement  by  a  disUnca  d,  will  be  nff-djl'. 
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Hence  if  we  Icnow  the  diameter,  n(  of  ihe  earth's  orbit,  wc  can  calculate 
the  velocity  of  h|fht,  F,  from  the  difference  between  ibe  interval  7', 
which  elapses  between  an  eclipse  at  conjunction  and  Ihe  eclipse  at  the 
next  oppouiion,  and  the  interval  r,  between  ihis  eclipse  at  opposition 
and  Ihe  one  which  occurs  at  the  next  conjunction. 

The  moon  cho«en  was  the  innermost,  which  ina1ce«  a  revolution  in 
^K  Kboul  1]  (lays  and  >■  was  found  th.11,  siaiiin^  at  conjunction,  the  interval 
^f  Itetween  I  be  first  eclipse  of  this  pbnct  and  Ihe  ii}th(when  the  earth  and 
^^  Jupiter  came  into  oppositma]  exceeded  the  inierval  between  tlie  113th 
I  and  the  iijth  [when  tlic  earth  and  Jupiter  were  again  in  conjunclion)  by 
I         33.3  minutes,  and  bence  T,  -  r,-3>2  minutes.     If  ti,  orlbe  diameler  of 


Light 


tls's 


the  earth's  ortHt,  h  taken  as  i9S,6ocV)00  mllM,  or  308.600,000  ktkimeirtt, 
thii  gives  186,300  miles  per  second,  or  i99i8oo  Ictlonielrcs  [ler  secotMt 
as  ib«  vdodty  <ii  light. 

383.  Plzeau's  MetliDd  of  Heasarins  the  V«looity  oT  Ltsht.— 
The  acctirJicy  of  ihc  cktenninaiion  of  the  i-clocity  of  iij^hi  by  RfimrHfe 
method  b  limited  by  the  accaracy  wiih  which  we  know  the  diameter  of 
the  eartb'i  ortMt,  hence  it  is  tmponant  to  detcrmino  the  velocity  of  liglit 
between  tu-o  terrcttnal  points,  the  distance  between  which  can  be  direftly 
Riesuuicd.  The  first  Id  pctAtnn  this  experiment  was  fiieau,  who  in 
1&I9  mcasuied  the  velocity  of  liifht  tn-  uiing  a  method  depending  on 
the  eclipsing  ofa  source  ori'tshi  hy  the  teeth  of  a  rapidly  ratuting  wheel, 
the  principle  of  ilie  cxpetimcnt  resembling  Kdmrr's  method. 

A  bright  source  of  liglii  ■-as  placed  al  I.  (Fig-  334X  *'*'l  *ftw  passing 
ihrouxh  a  lent  A,  a  certain  proportion  of  the  rays  of  light  was  tvfl«Cted 
from  the  surface  of  an  nniilvercd  plate  of  ^lass,  u,  placed  at  an  angle 
of  4J*.     The  receded  lays  came  to  a  focus  at  Ft  llus  point  being  the 
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principal  focus  of  n  second  lens  &  Thus  the  light  left  B  in  a  paralld 
beam,  which,  after  iraiersin^  a  distiince  i>f  about  four  miles,  fell  on  a 
lens  c,  and  was  brought  10  a  focus  at  the  surface  of  a  spheiical  minor  i>. 
The  curvBtune  of  this  mirror  is  such  that  the  lens  C  is  at  its  cenirc  of 
cun-aturc,  and  hence  the  mys  .ire  reflected  back  along  their  path,  su  that 
on  emerging  from  the  lens  c  ihey  ngain  form  «  parallel  beam.  Thi» 
reflected  benm  falls  on  the  lens  u,  is  brought  to  a  focus  at  f,  and  then 
falls  on  the  plate  of  glass  O,  where  some  of  the  ray*  will  be  rrflccled, 
and  some  will  be  transmitted  and  enter  the  eye-piece  F^  so  that  n  bright 
star  will  be  seen  by  the  obsencr,  fnmied  by  light  which  has  Itavi-lled  10 
D  and  back  again.  A  loolheii  wheel,  H,  which  can  be  rapidly  rotated 
round  an  axle,  1,  it  so  nmingcd  th.1l  when  a  toolh  passes  V  the  light  is 
intcicepicd,  but  when  n  f^pncc  passe*  v  the  light  is  allowed  to  pass. 

If  the  wheel  is  slowly  rotated,  an  obsen-er  at  F.  will  see  a  brr^'ht  star 
when  a  space  pasiei  F.  while  when  a  toolh  passe?  tlierr  will  be  d.irlt- 
ness,  so  thai  as  the  wlieel  rotates  ihe  slur  aliemaiely  appciirs  and  dis- 
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aiipeani ;  but  if  the  ipecd  is  such  ibat  more  itian  twcmty  leeili  pass  per 
mcoimI,  mring  to  the  pemiitence  of  viuon,  »  pernuocnt  aUr  will  be  teen. 

If  tjjjht  look  no  tinic  to  irnvcl  from  /'la  Z>and  back  n^aiii,  th«n  all 
the  lijiht  ilutt  pa«sc<I  through  any  spare  would  be  ulik  tu  pais  hack 
ftjcain  through  the  \xa\t  space,  since  by  supposition  ibc  light  lakes  no 
(NIK  10  irave)  fruni  /'  10  /'  and  back,  and  hence  the  whe«l  would  not 
have  moved  between  the  statiint;  of  tlie  light  and  its  arrival  back  at 
F.  if,  hwwc^r,  the  Ughl  tiike»  an  appreciable  time  to  travel,  then,  a"! 
the  speed  of  tbc  wheel  is  K^adu.illy  increaicd,  it  will  ctrnluallir  rolale 
so  Ia9>l  that  by  the  time  the  return  li^ht  reaches  /''  the  wheel  u*i[|  have 
turned  10  thai  a  tooth  will  hnt'c  moved  round,  and  will  occupy  part  of 
the  «pacc  vliich  was  occupied  by  a  space  when  the  lijiht  slarled,  v> 
that  pan  of  the  rctutn  light  will  be  cut  off  b)-  tbc  tooth,  and  hence  the 
star  seen  at  K  will  be  of  decreased  biightnets.  As  the  speed  is  further 
iiKrcascd,  tiiore  iund  mote  of  the  returrt  light  «'ill  be  intercepted  by  the 
succeeding  luotb,  till  finally  all  the  Ugbt  which  gets  through  a  space  is, 
on  its  mnni,  intcrtxpted  by  the  Micceeding  looili,  aitd  no  star  is  seen. 
If  the  speed  is  yet  further  increased,  the  tctumio);  Itgbt  will  be^in  to  get 
through  the  spore  next  after  the  one  through  which  it  passed  on  its 
way  out,  and  a  bright  star  will  again  be  seen.  Hence,  as  the  t^mtA  it 
UKresiied,  tbe  star  altemalely  appears  and  »anisli*s. 

If  tbe  wheel  contains  d  teeth,  then  the  angle  acb  {Fig.  33$)  sub- 
tended by  the  interval  between  two  consecutiv« 
teeth  or  ipaeet  at  tbe  centre  will  be  360'/^  or  iwld 
in  circular  measure.  Hence  half  this  angle,  or  »'rf, 
b  the  an^fle  Ihioiifch  which  tbe  wheel  has  to  lum  so 
ihar  a  tooth  ntsy  exactly  occupy  the  pouiion  previ- 
ously occupied  by  a  space. 

If  the  wheel  nukea  n  revolniioni  per  second 
when  the  first  ecbp>«  occurs,  the  angle  swept  out 
bf  any  radtut  AC  in  one  second  will  be  ith.  Hence 
tbe  time  taken  to  turn  through  the  angle  r,''>/wi|]  be 

^/snt,  or  \\mlH.     If  /  is  tbe  dbtance  between  A 

and  D,  tbeUiitiincL-  jM-iied  inrr  by  tlic  lisht  white 
the  wheel  lus  turned  through  an  angle  «-,'</  is  2/.     Hence  the  light  has  tra- 
velled a  distance  1/  in  «  lintB  i/i>^n,  or  the  s'elocily  of  light  ('  b  given  fay 

r— 7-4Aftf. 

In  one  of  the  expcTimenis,  /  was  equal  10  8633  metres,  tbe  wheel  had 
7X>  leeib.  aiMi  when  the  star  was  first  ecUpwd  It  made  11.6  revolutiuns 
per  Mcood,  so  that 

r*  4x8633x710)1  12.6—313274304  nsetrcs  per 


Si6 


Ligkt 


B364 


More  reoeni  experimenls  made  bj'  Comu,  using  itiU  method,  gatv 
y3a,4/oo  kilometres  per  leuoad,  or  1 86^661  nul«»  per  second,  lu  the  velociljr 
uf  liHht. 

S(Hb  Foiuault's  Method  of  HeasariRg  the  Velocity  of  Ltsrht.- 
In  th«  year  iSjo,  Foucault  suctci-dcii  in  iiieiiiLirin^  itie  ttitie  lighi  look 
10  Ituvel  over  ii  distance  of  about  iwvnly  metres.  His  method  conbiftts 
in  exuding  :i  beam  of  suntij-lit  lu  full  »n  a  slit  S  (Kig-  336),  b)-  mcaiiii  ol 
a  helioilal.  'Die  light  transiiiiltcd  by  s  iiasnes  thruut;li  nil  unsiltered 
glass  plate  O,  Talis  on  a  convex  teni  A,  and  Ihen  or  a  pbne  mirmr  B, 
nhich  can  l>e  rapidly  rolated  luuni!  an  axii  perpendicular  10  t)ie  plane 
of  ihc  figure.  For  one  pi»ilian  of  the  minor  11,  <hc  reflected  li^bt  falls 
upon  A  second  minor  c.  This  latter  is  a  concAvc  minor,  ihc  mditis 
of  currature  Iieing  cijual  to  Be.     Hence,  if  the  mirror  B  a  at  icsi,  the 


^^s 


light  rcflecietl  ni  c  will  retrairc  iis  path,  being  partly  reflected  at  O,  M 
at  to  form  an  imAgc  of  ihc  «lil  S  at  li,  this  image  Xxmg  obacnvd 
ilirough  an  eyc'picc*  K.  If  ihc  mirror  B  is  routed,  ihc  light  ts  only 
reflected  harlt  from  c  once  in  each  tcvoluiion,  if  the  niiiror  is  only 
silvered  on  one  Mde.  If,  further,  during  the  lime  taken  for  the  light  to 
travel  from  B  to  c  and  back  lo  n,  the  mirror  has  appreciably  turned,  the 
return  rays  «'ill  he  reflected  by  1)  in  a  ilii;liily  different  direction  to  that 
which  they  would  have  taken  had  the  mirror  been  at  rest,  and  the  image 
D  will  be  displaced  to  d',  the  amount  of  ihc  displacement  beinjj  read  ofTon 
a  »fale  placed  at  D.  In  order  to  count  the  speed  of  loiaiion  of  the  mirror 
u,  which  was  driven  by  a  imall  it  earn- turbine,  Foucault  placed  a  looihed 
wheel  £ci  that  the  teclh  were  illtiminated  by  the  intermittent  beam  of 
ligh!  reflected  from  the  rolaiing  mirror.  If  the  wheel  was  rotating  ax 
»nch  a  lipced  that  during  the  inierval  lietwecn  two  nasties  one  looth  had 
just  moved  into  ihe  position  occupied  at  ihc  previous  flash  by  the  pre- 
ceding tooth,  then  ihe  wheel  would  appc.ir  to  be  at  rest.  When  this  is 
the  ca*e,  the  time  taken  by  the  mirror  to  make  one  revolution  is  equal  to 
the  time  taken  by  the  wheel  to  turn  through  the  angle  Acs  (Fig.  335), 
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ibai  is,  \!itn,  wbcTC  it  n  the  number  of  teeth  in  the  wheel,  and  it  the 
number  of  rcv»luiion>  ii  maku  in  .1  tecond.  Hence  the  number  A' of 
rcvolnlion^  niadc  by  the  mirmr  in  inic  srrnnd  »  Jn. 

In  order  to  calculate  tbc  lelociljr  or  light,  ne  require  to  delcmiinc 
through  what  angl«  the  niJTror  b  must  turn  lu  fthilt  ihc  image  formed  at 
the  eye-pie«  from  d  lo  i>'.  Since  an  image  o(  (he  slit  s  is  produced  at 
C^  we  may  if  «c  please  lool:  upon  ibe  problem  a-i  to  deiemine  ihrough 
what  iinf;lc  u  must  B  turn  w>  that  ihc  imntie  of  c  formed  by  ihc  mirror 
and  the  lens  A  may  shift  from  1>  to  n'.  I^  the  two  pii<iiioni>  of  thr 
mirror  n  be  indicated  by  ihr  full  and  dotted  lines.  Then  for  mch  posi- 
tion of  the  mirror  n  there  will  be  an  image  of  C  formed  in  Ii.  Ixl  rf  and 
li'  be  these  imager ;  then,  at  shown  in  ji  J31,  d  and  d'  lie  un  the  circiun- 
fierencc  of  a  circle  having  its  centre  on  the  axis  about  »bidi  the  mimn- 
lumih  and  passinf;  throuifh  c.  Further,  the  arc  intercepted  betvreen  d 
and  d'  lubiendK  an  angle  ifU  M  the  centre  of  this  circle.  If,  therefore,  the 
distance  »c  is  called  /,  we  have  dd'=2<il.  Now  as  far  as  llic  lens  a  ii 
,  concerned,  tns<ea<l  of  taking  c  a3  the  object  and  coniiderinc  the  I«« 
postions  of  the  mirror,  we  may  suppose  the  mirror  B  tcmnrcd  and  take 

the  two  images  d  anil  d'  a>  the  objects.    I'bcn  ——  _,     .    Using 

nsf    Afl+or> 

the  letters a,i,€io fepteienl  the  distances  DD',  US,  AC+GD  respectively, 
we  hare  


Since  the  mirror  males  N  rotations  per  second,  the  time  it  lakes  to 
ttim  ibroiqch  an  angle  a  is  aji*/v',  and  in  this  time  the  light  has  travelled 
from  u  10  c  and  back,  that  is,  a  distance  3/.  Hence  tbc  ^-clo^ity,  I',  of 
.  is  Kivcn  by 

„    trM    SsA'/V 


Using  this  metbud,  Michclson  has  obtained  299,853  kilometres  per  second 
as  the  veJodty  of  light,  with  a  pmsihlc  error  of  ±60  kilometres. 

806.  Aberration.— .\  calculation  of  the  velocity  of  light  iras  made 
in  1717  by  llradley  finm  the  apparent  changes  which  take  plnce  in  tlic 
observed  poniiiani  of  the  fivcd  biara.  The  simplest  method  of  explaining 
the  priiKipk  of  this  method  of  calculating  the  velocity  of  light  is  lo 
i-onsidcr  an  analogous  case.  Suppose  that  a  shot  is  fired  from  a  cannon 
*^  ('■'K-  337)  against  a  ship  ab,  which  is  moving  rapidly  at  right  angles 
to  the  (lirmiion  of  the  trajectory  of  the  shot.  If  the  shot  enters  Ihc  ship 
at  the  point  I),  it  will  not  leave  the  ship  «I  the  pmni  K,  for  while  the 
alKrt  b  invslltng  across  the  ship  this  latter  wilt  have  moved  forwud,  M 
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ibnt  iam«  vucb  point  aa  F  will  now  lie  in  the  line  m  of  ike  injector)', 
ami  licnr«?  ihe  nhoi  will  leave  tlie  sliip  at  K.     Now,  a«  far  as  (he  track  of 

itie  «hDl  left  ill  the  »liip  is  concemeil,  it 

Q  A       q'  appean  lo  have  eoiac  front  (lie  poini  c',  or 

;         ;  the  cunnon  is  app;irently  displaced  in  the 

■       .'  (litcctioo  in  which  the  ship  is  travelling, 

!      i  Now  consider  ihc  ship  to  be  replaced 

\     t  by  the  earth  naming  in  its  orbit  round  il:e 

:  ,'  &un,  and  the  sbo4  to  Imt  replaced  by  a  lijihi- 

wave  reaclitnK  Ihe  earili  from  a  si^r,  ilie 

line  joining  the  Kirtli  and  «tar  being  ai 

right  angles  to  the  direction  nf  motion  of 

the  eanh.     If  the  nanh  were  at  rest,  and 

a  lelcic-ope  I)  (FiK-  338)  were  pointed  al 

the  star,  the  mis  of  the  telescope  pn>- 

longed  would  pajs  tliiough  ilie  star  c. 

•"i"'  337-  When  the  earth  is  nm^ing,  however,  the 

telescope   is  appreciably  inoi-ed   forward 

ID  the  eaTtb**  orbit  in  the  lime  between  the  ligliiwavcs  reaching  tlie 

objective  ri  and  tbc  eye-piece  ;  and  hence,  if  the  aii*  of  ihc  telescope 

is  still  directed  so  as  to  past  through  tbe  star,  the  waves  of 

Ic'      ''K'l^'  "'<"  ''c  '^*  behind  and  forn)  an  imAgc  of  the  Star  at  K  10 

one  side  of  the  cross  wires.     Just  as  in  the  caJte  of  the  boat, 

the  shot,  which  if  the  bout  were  at  rest  would  have  reached 

the  point  F.,  hits  the  point  F.     Thus  in  order  10  biing  the 

image  of  the  «1ar  on  to  the  crass  wires,  the  axis  of  ihe  Iclesoope 

niusi  be  pninird  along  KC*.     Now  in  the  lime  the  light  has 

taken  lo  travel  from  n  to  flhe  eanh  has  moved  ihiough  the 

distance  FE.      Hence  if  the  angle  CDC',  which  i&  trailed  ihe 

aberration  constant,  is  o,  and  Tand  v  arc  the  velocity  of  light 

and  of  the  earth  respectively,  we  have — 


or  V= 


tan  d, 

'S.-i'tan  a. 


^ 


_  Hence  if  v  and  n  arc  known,  V^  that  i»,  the  %'elociiy  of  lighi, 

— ^       can  be  calculaied. 
Piii.  3jB,  Thf  above  explanation  of  the  phenomenon  of  aberration  is 

that  commonly  accepted ;  it  is,  however,  by  no  means  satis- 
factory. Thus  the  quantity  V  is  the  velocity  of  light  in  the  mediinn, 
filling  the  Iclcscnpc  tube,  so  that  if  the  tube  is  tilled  with  water,  in  uhich 
the  velocity  of  light  is  less  than  in  nir,  we  ihnuld  capcct  the  abermiion 
coiislant  1  to  increase.  No  itich  effect  is  ho"'Cver,  observed.  Tlie  dis- 
cussion of  the  various  theories  which  have  been  propounded  to  explain 
this  discrepancy  would  lead  us  beyond  ihe  »cope  of  this  book,  and  so 


Tlu  Emission  Theory 

wc  inu»t  content  oursdvet  u-ich  having  drawn  nttention  to  the  «xiM«nco 
of  llie  difficuUy. 

36S.  Theories  as  U>  the  Nature  or  Light Wc  have  hiiherto 

a»um«(l  that  light  comisis  of  a  wave- mot  ion  of  some  kind,  nnd  wc  now 
have  to  consider  the  evidence  on  which  this  lusumpiion  \<.  fnimdcd. 

There  have  been  two  principfll  theories  of  light.  In  one  of  these, 
which  wu. adopted  by  Ncuton,  and  is  called  the  emiuion  thtory,  a 
luminous  body  la  supposed  to  be  coitiiin);  veniW  purtitks,  called  li|;ht- 
coipuictcit,  which  travel  out  in  all  directions  in  straight  path*,  and  all 
with  the  saine  velocity.  These  light 'Coipusdca  a'ere  lupposed  to  cnuse 
the  sensation  of  light  by  their  impact  on  the  rciinn.  Since  light  tan 
traverse  not  only  empty  space,  but  alto  some  forms  of  niailcr,  ibcM 
corpuiclei  must  be  able  to  travel  through  spacer  and  also  through 
matter,  which  Ihcy  were  tiipposcd  to  do  t^  pas&iag  betivecn  the 
molectJcs.  On  this  theory  the  rectilinear  propagation  of  light  and  the 
formation  of  shadows  ut  once  folloved. 

In  order  lo  explain  the  law  of  refraction  on  the  emission  theory,  it 
irax  assumed  that  when  a  corpuscle  came  ni^ar  the  surface  of  acparalion 
belweeo  two  media,  it  was  attracted  by  the  denser  medinm. 

Thus  let  AB  (t'ig.  339)  represent  the  hnc  of  demarcation  between  two 
media,  say  air  and  w^ter,  and  10  the  path 
of  an  incitl«nl  corpuscle-   If  I'l  is  tlie  velocity 
with  which  the  coipusctc  travels  in  air, 
tbraBTC  may  resolve  this  velocity  into  two 

components,  one,  IK,  parallel  to  the  surfiicc 
of  separation  of  the  media,  and  the  oibtr, 

IM,  pcTpendicttlar  to  ihii  surface.  If  ilic 
water  ]urlicles  exert  an  attraction  on  th« 
light -i^iqjusck  when  it  gels  near  the  sui^ 
&ce  of  separation,  this  force  must  act 
DnrmaJty  to  tbc  surfarr,  i.t.  along  on'. 
Hence,  while  the  vetlir^I  component  of 
the  velocity  of  the  cotpuKle  it  increased, 

Uk  hoticoDtal  component.  IM,  will  remain 
[ mtcbaiigcd.     If  then  we  take  6m'  e<)ual  to  ou,  and  ON*  equal  to  the 

I  Jncmued  renicul  cuniponeni,  and  complete  tlie  paraUelognun,  OR  will 
represent  the  vdociiy  u(  the  corpuM^lc  in  iJie  water,  and  its  path,  that  of 
the  refracted  ray,  will  be  along  or.     Kroin  Snell's  law  we  have- 
sin  a     Tn    Wk    liO 
»inj9    /O     SO     W 
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Bui  i6  represenis  ihc  velociiy  or  ib«  corputdc  in  air,  white  ito  repmenu 
its  velocity  in  nater.     Henc« 

VtUa'lr  in  voter 
Vtlc<ily  in  air 

and  sinc«  ihe  rerrac1iv«  index  ftoin  ait  lo  wnter  is  greater  than  unity,  it 
follows  that,  ttccnrding  to  the  cmtsuon  theory,  ihe  velocity  d  light  mu»t 
be  greater  in  water  th.in  in  air. 

In  the  second  ihecry,  called  the  unduUtory  or  wave  theory  of  liKhl,  a 
liiminDUs  body  is  supposed  to  set  up  vibrations  in  nn  Rll-pcTradinK  ether, 
and  ihebc  vibrations  arc  supposed  to  travel  ihroogli  ilie  ether,  and  when 
tliey  enter  the  eye  exciie  the  sense  of  vision.  During  the  passage  of  the 
light  ftiMii  tlie  source  to  the  eye,  the  energy  emitted  by  ihc  tourer,  and 
which  we  reiiognise  when  it  is  given  up  lo  the  retina  as  light,  must  be 
stotrd  up  in  iV  etticr. 

On  ihe  older  undulaiory  theory,  it  was  supposed  that  light-waves 
consisted  of  a  tratiivorse  vibratory  itrnvrineni  of  Ihe  ether  itself,  but  a 
difficulty  was  inlroUuced  by  the  fact  thai,  if  we  suppose  that  ilic  motion  is 
propagated  by  the  suetessivc  pans  of  ihc  etiier  selling  each  other  in 
motion  by  muiually  attracting  forces,  these  forces  would  be  inclined  W 
Ihe  direciion  in  which  the  wave  was  travelling,  and  henc«  they  would 
lutve  a  L-oinponeni  in  ihediieciiuiiuf  the  wave  normal,  and  this  component 
would  tend  to  set  up  longiividin.il  waves,  in  addition  to  the  trjl1k>erse 
waves  whith  ate  required  lo  e:<ptain  optical  phenomena.  We  hav*  no 
evidence,  however,  of  the  existence  of  such  longitudinal  waves  in  the 
ether.  In  the  later  form  of  the  undulaiory  theory,  called  the  electro- 
magnetic  theory  of  light,  the  supposition  is  nuide  that  the  vibrations 
consist  not  in  the  change  in  posiiion  of  the  ciher  panicles,  but  in  a 
periodic  alteration  in  the  eleciric^il  and  magnetic  condition  of  the  ether 
during  thf  pa^^sage  of  ihe  light.  This  supposition  does  not  lead  lo  ihc 
tame  difficulty  as  to  ihc  formation  of  longiiudmal  waves  as  does  the  older 
theory,  and  hence  p<is5csse5  a  marked  advantage. 

Sinc«  both  fonns  of  the  throrj'  suppose  the  existence  of  a  transverse 
vibration  set  up  in  the  mcditun,  and  only  difler  as  to  the  nature  of  the 
entity  the  displacement  of  which  consiitulcs  the  vibration,  the  explana- 
tions which  we  shall  make  in  the  succeeding  sections,  since  they  do  not 
involve  the  naturt  of  ihc  waves,  will  apply  to  either  form  of  the  theory, 
\Vc  shall  also  sometimes  talk  of  the  displacement  of  an  tXhtx purlidt 
during  ihe  vibration,  but  this  must  he  lakcn  as  a  short  and  convenieni 
method  of  slating  the  displ .icemen I  of  the  electric  and  magnetic  condi- 
tion of  the  ether  at  the  point  under  consideration. 

We  now  pass  on  to  consider  what  assumptions  as  lo  the  relative 
velocity  of  light  in  air  and  in  water  have  to  be  made  on  ihe  undulaiory 
tbeoty  lo  account  for  the  refraction  of  light  when  it  passes  from  air  to 


l.ct  Alt  {Fijj.  340)  l>e  Ibe  line  of  wparaiion  between  a>r  and 
Let  PI*'  represent  a  wave-front  in  ihc  air,  (hen  ifva '"  the  velocity  of 


waicf. 
water. 

light  in  air,  th«  lime  ukcn 
(i>r  the  point  i^  on  ihc  «'ave- 
front  to  reach  ibe  itcond 
raedhim  will  be  Fbfva. 
During  this  time  the  point 
P  on  the  wave  ■  front  will 
have  travelled  into  the 
water,  ami  if  t'»  is  the 
velocity  in  water,  ii  will 
}ta.\x  travellexl  a   distance 

—  xwto.  Ifibcn.  with  eeri- 
ly 
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tre  F  and  radiu!!  equal  to  this  

<  distance,  wc  describe  a  circle,  and  then  ftom  O  draw  a  tangent  OR,  OR  will 
esent  the  wave-front  in  water  at  the  in>tanl  when  the  point  V  on  the 
wave-front  Vi'  reaches  o  {icc  %  273).     If  ON  and  PN'  are  nomult  to 
an,  wc  have 


«■»■ 


tin  NOP 
'»in  N'FH 


Now  in  the  triangle  pp'o  the  angle  at  P"  is  a  right  angle,  hence  the  vnt 

anglei  v'vo  and  I'op  are  logeiher  equal  to  a  right  angle.     But  the  angles 

tKoi*  and  r'op  are  alio  together  equal  to  a  riglii  angle.     Hence  tile 

I  angle  Vos  \%  (?qujl  to  the  angle  f^PO,     In  the  same  way,  the  angle  K'PR 

\i  equal  (o  the  angle  FOR.    So  that 
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PO 
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POh' 
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fa 
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Or  the  velocity  of  light  in  air  is  to  that  in  water  in  the  ratio  of  the 
refractive  index  from  air  to  water.  It  will  thus  be  seen  that  according 
to  the  undulaiory  iheoiry  light  travels  slower  in  water  than  in  air,  while 
according  10  the  cmisHon  ibeory  it  tra^'eb  more  quickly  in  water.  Thus 
a  measurement  of  lite  velocity  of  Ugbt  in  air  and  in  nater  would  fomt  a 
crucial  experiment  to  test  the  valiAiy  of  the  rival  theories  This  cnicia) 
experiment  was  performed  b>-  Foucault,  who  placed  a  tube  fttled  wilb 
^  water  and  rlowd  b)-  gUss  ends  between  the  fixed  mirror  C  aiMl  the 
rotating  mirror  B,  and  ihtis  was  able  to  measure  the  velocity  of  light  in 
water,  and  found  it  to  be  lets  than  in  air.  This  experirnenl,  althoufih  it 
doc*  noi  in  any  ti-ay  /nrer  the  tniih  of  the  nndulatory  theo*y,  yet  shows 
thai  ihc  miiwion  theory,  at  any  rate,  cannot  be  true. 


CHAPTER    VI 


DISPBRSIOJV 

367.  Dispersion. — The  phenomenon  of  refracrioo  is  noi  in  rcaltty  m 
simple  as  we  hixw  liiiltcrio  considered  ii  li>  be,  for  if  ft  narrow  paralkl  j 
pencil  (if  white  lit;hT,  such  ■■a  itinlight,  is  allowed  lo  pasK  nbliqucljr  from 
one  medium  to  nnoihcr,  il  ii  found  ih:it  in  ilie  second  mrdiunt  (he  white 
light  is  split  up  into  light  of  several  colours,  a  pbenotnenoa  which  is 
referrcKl  to  as  /tSifiersiim. 

Thus  if  a  t>eam  of  parallel  rays  of  white  light,  sudi  as  is  obiKined  by 
rrAcctinj;  wnlijtht  through  a  narrow  »lit,  >s  introduced  into  a  daik  room 
and  meets  a  screen  DR  at  f,  fonniat;  a  wliiic  patch  of  light,  ihen  on^ 
imcrpotini;  a  (iTism  aiic  irit;.  nt)  in  ihc  path  of  the  beam  with  its  icfnict* 
ing  edge  parallel  to  the  slit,  the  light  will  be  rcfr^irtcel  lowarri*  the  bnseof  ' 

the  pri^iii,  but  the  patch  on  the 
screen  is  no  longer  ihc  same 
liie  a*  befoie,  nor  is  it  white. 
The  patch  ix  drawn  out  in  the 
dirertioii  nv,  in  which  the  litiht 
is  deviated,  and  cxhibilf  all  the 
colours  of  Ihc  rainlww.  These 
colours  pass  iiiipiTccptibly  the 
one  iniii  the  next,  but  starting 
with  red  nearest  the  original 
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uniluviaied  patch  r,  the  colours  pa^s  through  orange,  yellow,  green,  blue, 
indigo,  to  violet,  which  is  the  tnosl  deviated.  I'hcse  colours  conslilute 
what  is  called  a  ^peclrum. 

Thus  while  lii;ht  has  been  split  up  by  the  prism  into  light  of  a  number 
of  different  colours,  these  coloured  lijihts  being  deviated  to  a  different 
amount  by  the  prism,  so  that  the  refractive  indei  between  two  media, 
on  which  the  deviation  depends,  is  different  for  light  of  different  colours  J 
and  since  the  violet  rays  are  more  dcviaied  ihnn  (he  red,  the  lefraclivo 
index  for  violet  light  is  greater  than  for  red  light. 

That  white  iijihi  is  really  foimed  by  ihc  superposiiion  of  light  of  all 
the  colours  of  the  speclrum  can  be  shown  by  receiving  the  colours  of  the 
sprctruin  on  a  number  of  separate  mirrors,  and  reflecting  the  light  from 
ihem  to  the  same  point,  when  it  will  be  found  that  white  light  will  b* 
reproduced. 

I** 


ij^T] 
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tn  the  fnrm  of  llic  cxprrJmcnt  dMcribed  above,  the  diflcTcnl  colours 
ot-eriaponihc(crccn  10  sccrtain  extent ;  nndinoxlrrioobtainaspeciniin 
whcTV  DO  overlapping  takes  pbcc>  of  a  furt  s/t^ftrum,  as  jl  is  c»)lvij,  wc 
nuty  adopt  the  arrangaKcnt  shown  in  Fi)-.  J41.  Li^ht  from  »  souice  L, 
such  ai  the  elcciric  arc,  passes  tlirough  u  nairaw  slit  iu  «  scrMu  s,  jukI 
tlien  falli  on  a  oin- 
vcx  lens  A,  which,  | 

when  ihc  prism  is  ^ " 
not  inicTposcd, 
forms  u  iciil  itnage 
of  ihcstii  at  s".  If 
now  the  pri^rn  it 
intcipoMd  at  11,  the 
fifCht  wiD  be  dcvt- 
Bled  towards  the  base  of  ilic  prism,  and  a  spectrum  will  Iw  fomied  on  a 
screen  placed  at  t>.  If  ne  suppose  thai  the  »lil  is  illiiminaicci  by  violet 
light  only,  then  an  iina^'c  of  the  slit  v,-ill  be  produced  ai  v,  while  if  red 
tij[bt  is  used  ihc  image  will  be  ai  r.  Hence  the  apectrunt  tr  is  cuni- 
poMd  of  a  scries  of  iinnKcs  of  the  slii  formed  liy  differenlly  coloured 
light.  If  the  slit  is  lery  riairow,  one  iinauc  will  oveibp  very  little  on  the 
adjacent  inuges,  and  a  pure  npectnim  wilt  be  obtained.  As  ilie  slit  it 
widennl  ihc  images  vill  overlap  more  and  more,  till  with  a  ver>'  wide  tlil 
we  shall  gci  a  white  patch  in  ihc  centre  of  the  spccinim  where  all  the 
Knagcs  ovcrtap,  with  a  rod  edge  al  one  end  and  a  violet  edge  at 
the  other. 

Another  method  of  obtaining  a  piiic  spectrum  is  shown  in  T\g.  n%, 
Panllel  htrht,  abich  may  be  obuincil  by  means  of  a  colltmalor,  bcinx 
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hcidftnt  on  the  prism,  A  lens  1.  is  placed  after  the  prism,  and  this  lens 
blings  ibe  rays  of  the  difTrrFnl  cnlmit*  In  real  fnri  bctii-crn  R  and  V, 
whete  a  pure  spccitutii  may  be  received  on  a  screen  or  viewed  with  an 
c}T- piece. 


Light 
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Tlii»  arrangement  will  al«i  allow  of  ihe  nraomposiiion  of  th*  ctiflerenl 
coloun  of  th«  spcctmm  to  form  while,  Ua  if  ibc  scrcrn  be  planed  a<  AB 
the  Ted  and  violet  ray»,  u  shown  by  the  figure,  nixl  ihete-forc  also  |]>e 
ray>  of  the  other  coloars,  will  be  umliomily  iprcad  over  the  patch  ab. 
Under  these  cirtuinstances  a  white  patch  will  appear  <m  the  Krccn.  If, 
however,  a  amall  obstacle  be  plai-ed  at  v,  so  as  to  cut  off  lite  viojet.  the 
patch  at  AB  will  appear  coloured  a  gieenish'jcojd  colour,  prodaced  by  the 
mixture  of  the  remaining  colour*.  In  the  ume  n-ny,  by  cnttiiig  off  the 
red  r;iyi  by  an  obiitacie  placed  at  R,  the  paich  will  appear  a  greenish 
bloc. 

When  the  &)it  <yf  the  spectrometer  iliown  in  Fig.  317  it  ilhiminatcd 
with  white  li),-hl,  a  pure  spectruni  in  formed  at  the  principal  focuH  of  llie 
lens  >'  in  the  manner  considefed  abtr^c,  and  can  l>e  observed  with  the 
eye-jwcce.  The  spectrometer,  when  used  to  oliserie  spectra,  i»  some*  ' 
times  called  a  spectroscope.  Uy  using  light  of  different  colours,  the ' 
refmciivc  index  of  a  subsunce  for  light  of  these  colours  can  be  obtained 
by  any  of  ihe  methods  given  in  SS  344>  34^ 

368.  Fraunhofer's  Lines.— When  the  slit  of  ti  spectroscope  is 
illuminated  by  sunlight,  ii  is  found  that  the  spectrum  ts  iraveiscd  by  an 
enoniioun  number  of  dark  lines  parallel  to  the  length  of  the  slit.  Thete 
dark  lines  ace  called  Fraunhofer's  lines,  and  are  due,  as  ii*e  shall  see 
later,  to  the  tight  of  the  coloun  which  arc  thus  missing  from  IIm  sobr  \ 
spectrum  being  absorbed  in  the  sun's  or  the  earth's  atmosphere. 

These  lines  fomi  a  very  convenient  mc.ins  of  specifying  any  particular 
colour  in  the  spectrum,  and  hence  the  more  pioinincni  of  them  ate  in- 
dicated by  the  letters  a,  B,  C,  D,  &&  Their  iclaliic  position  in  the 
spectrum  are  shown  in  Fig  344.    The  lines  a.  b,  and  c  are  in  the  red,  1> 
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in  the  orange-yellow,  E  in  the  gieen,  v  in  the  greenish -blue,  a  in  th* 
indigo,  and  H  in  the  violet  part  of  the  spectrum.  Hence  when  wo  refer 
to  light  of  any  particular  colour  as,  say.  [>  light,  we  mean  light  of  the 
colour  which  correspond*  to  the  dnrlc  line  ■■  in  tlic  uttinge-yellow  of  the 
soliit  spccituni, 

369,  Refractlvu  Index  for  Light  of  DllTerent  Colours  Dis- 
persive Power.— In  the  following  table  the  refr.iaivc  index  of  some 
subritanc«8  am  given  for  the  light  corresponding  to  Fraunhofer's 
lines : — 


i 
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Dispersive  Power 


5*5 


ReyxACTivK  Inuex. 


A. 

a 

C.          D. 

r. 

r. 

a 

R 

W««r(i6*C. 

Cariian  bisul- 
phide (icO 
Crown  glaw   . 
Flim  gUM  ■     . 
Rock  tab d?"} 

1-330 

t.538 
1-578 
i.i37 

... 

'■539 

1.333 
1.636 
I.S3' 

'■>83 

•■334 

••63S 

'.SM 
1.S87 
>-H4 

1-537 
"■592 
I-M9 

1.338 

1.661 

1-540 
1-597 
1-SS3 

im6 
1.606 
t.$6i 

1.344 
1.708 

I.  SSI 
1.614 
"■5« 

When  liK^i  pftuet  ihrough  a  piiKm  the  dificrcni  coloun  itrc  (lc^  iutcil 
to  different  dcKTCCs,  mi  that  if  >c  Ka\'c  a  pandid  beam  0/  li§4it  iocMl«nt 
on  ibc  priun  the  rays  of  ibe  differeni  colours  after  pasting  tlin>UKh  the 
priun  will  be  inclined  to  one  aiMxher.  The  angle  betiaecn  tbe  cmcTicent 
rays  br  any  iwo  colours  is  called  the  dispersion  of  these  two  colours, 
produced  by  the  priim. 

Since  tike  rayi  are  not  only  dispersed,  but  alto  deviated,  it  becomes 
<£  interest  lo  »ee  if  there  is  a  fixed  rcUiion  belveen  the  dispei'sioa  and 
the  deviation.  The  iwio  of  the  dispersion  for  any  two  colours  to  the 
de^'iaiioii  of  the  mun  ray  between  ihc  luxi  ts  called  (he  dttper«i«-e  power 
of  the  sub^tance  of  which  the  priiin  is  made. 

We  hare  seen,  in  S  34s.  thai  if  the  prism  is  at  minimum  deviatton, 
then 

^sinjfS+g) 
sin  \ff    ' 


>•=■ 


If  tbe  prism  bas  a  very  intall  rvfraciinx  anjile,  so  thai  0  is  very  nnall,  the 
deiiation  B  will  abo  be  very  small,  and  hence  the  ratio  of  tbe  angles 
lt*S  and  0  will  he  the  same  as  the  ratio  of  (he  lines.  Thus  lor  a  prism 
of  icrv  small  refractinjc  angle 

e*-i 

If  fit  is  the  tefraciive  index,  and  i.  tbe  deviation  (or  light  conespoiMling 
tn  the  Fiaunhofer  line  a  in  the  exiicme  red,  ^  and  ^  tbe  covreipDnding 
quaitiiiics  for  the  H  line,  and  v*  and  ^  for  the  D  line,  which  may  be 
taken  as  (he  ntean  liglK  be(iK«n  A  and  H,  wc  have 

«»-«&>.- 1) 
Henc*  Ibe  dispersion  beloreen  the  a  and  the  n  light  is 
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Thiu,  if ««  take  prisni)  having  ili«  Mme  nfracttng  angle  tf,  m  get  ll>e 
followini;  values  (iw  il«;  dnpeinon  : — 

Wflicr ...  ...  J014  fl 

CarfooB  bi«ulphiilc  .  .091  B 

Crown  glau        ,        .        .        .        .  .013  ff 

Flint  gla»a .036  d 

Rock  salt     ,        ...        .  joji  fi  ' 

Hence  il  will  be  seen  Ihut  the  extent  of  the  »pecinitn  obiaintid  with  a 

prisni  liileci  wiih  oriion  bUulphidc  will  be  6.;  limes  as  grnt  as  ibe 

tpci'irum  nbtaitied  under  similar  circumxlanect  with  water. 

nic  dispersive  power  i»  ifivcn  by 

so  that  ihe  ditpeni«-e  power*  of  the  substances  given  in  the  tabic  above 

are:— 

Water (UHl 

Carbon  bisulphide        ....  <XI4J 

Ciown  t,'I.iss  ......  O1O43 

Flint  ^^M <xo6i 

Rock  sail 0.057 

370.  Achromatic  Prisms  and  Direct  Vision  Spectrosflopm.— 
Since  the  (lispctiive  powcis  of  difii^rent  substances  are  noi  ilir  same,  wc 
can  ubiaiii  two  pristiis  coiislruc-ted  of  different  materials  such  that,  wliile 
the  dispersion  tliey  prodttce  is  the  same,  ihc  deviation  produced  on  thai 
mean  ray  is  difierent,  or  vit*  vtrsa.  l-'or  instance,  taking  iirowri  and 
flint  glass,  if  ive  have  a  prism  of  (tint  glass  of  which  the  an^'le  ^  is  »inall, 
BO  thai  we  may  apply  the  formula  ^=fl(H-  1),  the  dispersion  is  0036  A 
If,  then,  we  take  a  prism  of  crown  glass  of  which  the  angle  is  ^  ihc 
dispersion  will  be  0.023  <^  If  the  dispersion  is  to  be  the  same  in  the  two 
cases,  wc  must  have 

^    0.023 

Now  the  derialion  produced  by  the  flint-glass  prism  for  ihe  n  line  will 
be  (jiB-  ^)S=<>,%%^  0,  and  the  deviation  for  the  siuiie  light  produced  by 
Ihc  crown-giasa  prism  will  l>c  (»'o- iH-^SW  I  56  ^  =  1x833  (?.  Henrc, 
although  the  two  prisms  produce  the  same  dispersion,  the  dcviaiion  pro- 
duced by  the  crown-glass  prism  is  greater  than  that  produced  by  the 
flint-glass  prism. 

If  the  prisms  are  placed  with  their  refracting  edges  turned  in  opposite 
direciions,  a  ray  of  white  light  will,  during  its  passage  through  the  crown- 
glass  prism  C  (Fig.  345),  be  deviated  towards  the  b;ise,  /./.  dntvnwards  in 
tlie  figure,  and  also  dispersed,  the  red  my  being  less  deviated  than  the 
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violet.     During:  i)ie  paMnge  of  lime  lays  liiroush  (he  flint-Kliui  pmm, 

liuwever,  tlie  ileviutiunx  of  both  rays  wUt  be  In  the  oppoiile  direction,  i.t. 

upwaxls,  the  red  ray  beinj; 

deviated  upwards  leu  ihan 

the  violet.    The  ditTercnce 

between  ilic  deviaiions  of 

llie    red    und    violet    tvj% 

beiriK  the  same  in  ibe  two 

priim*,  the  r»yi  wben  ilwy 

leftve  the  flint-){Uu  prism 

will  be  parallel.    The  ntcan 

deviation  in  the  crown  pri^m 

l)eing,  however,  B  real  er  llinn 

that  in  the  flint,  the  rays  on 

the  whole  will  be  deviated 

downward*,  i-t.  towards  the 

ba»e   of    the   crowTi-^lass 

priun. 
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If  we  consider  a  second  ray  incident  parallel  to  lO  nnd  cloie  to  it,  it 
alMi  vili  be  split  up,  and  the  red  and  \-iokt  lays,  after  passing  thnninh 
ihc  two  prisnvt,  nill  bn  parallel  to  the  other  two.  A  consideration  of 
FW-  Vf*  *'"  sliow  that  the  jiaifh  of  iijjhi  received  on  a  srreen  will  be 


Vvi.yfi. 


very  much  more  colouied  in  the  cue  of  a  single  prism,  where  the  red 
wid  viokl  rays  ^hen  ihty  leave  the  priim  are  incllwsl  at  a  finite  «NKte 
to  ooe  Miotl>cr,  tluo  iit  the  cn^ie  of  ihc  t«o  piiuns  conudcrcd  abov*, 
where  the  red  and  violet  rays  are  parallel  after  they  lejve  the  M-cond^ 
prism.    For,  considering  only  iJk  two  incident  rays  shoian  ia  the  fijcura, 
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in  the  case  of  the  tingle  priim  «e  shall  have  a  while  patch  kV,  tMnlered 
by  a  wide  nA  margin  KR'  on  one  aide^  and  a  violet  one  vv'  on  tlie  Mber. 
In  ih«  case  of  iKe  two  prisms,  however,  (h«  cotoiued  margin  b  very 
naicotr,  aixl  is  of  ibe  uime  widih  at  all  <]is(an<:e$  from  ibc  pritmK. 

(FIcnce  by  combining  two  pntiin).  one  of  crou-n  gtass  and  the  other  of 
Hint,  the  ratio  bctu-ecn  the  refracting  angks  hni  ing  been  siiitnblr  cboMii, 
we  are  able  to  get  a  rompoiuid  pri&m  whkh  dc>  iaics  lighi  but  doo  bM 
disperse  iL    Stich  a  combinaiion  is  said  10  be  aeAromatie.  ) 

Instead  of  clwo&ing  the  angle*  of  the  prisms  sudi  that  the  dispenion 
is  the  same^  we  might  have  chosen  them  such  llut  the  de^-iaiiun  produced 
on  tlie  mean  rajr  was  tbe  same.     In  this  case  wc  have 

^^^^  as87  *=ou534  « 

^^        The  ditpervion  produced  by  the  Itint-glass  prism  will  be 

^^         and  that  produced  b>-  the  crown-glass  prism  will  be 

1  40i'n->>'i)<=O'<»3  <^='<xoi3Xi.i  9=eMJ$6, 

I  Hence  the  dispersion  produced  by  the  flint-giass  prism  is  greater  than' 

that  produced  by  the  crown-glAss  one,  so  1h.1t  if  the  prisms  are  placed 
wiih  their  rcfmcling  angles  turned  in  opposite  diieclions,  the  mean  ray  [> 
will  be  undcvi.itcii  by  its  passage  through  the  two  prisms,  while  the  violet 
rays  will  be  deviated  one  way  and  the  red  rays  the  other.  In  ibis  way 
a  spectiuin  'n  produced  without  the  niean  ray  being  deviated.  This 
arrangenient  is  osed  in  some  pocket  ftinns  of  spectroscope*,  nhich  arc 
called  direct-vision  spectroscopes,  since  one  looks  straight  through  the 
prisms  at  the  slit,  and  not  at  an  angle  as  in  the  ordinary  form  of 
spectroscope. 

371.  Achromatic  Lenses-— In  considering  the  formdtinn  of  images 
by  lenses,  «*  have  supposed  that  the  hghi  was  monochroniatir.  When 
white  tight  is  used,  we  shall  not  only  gel  the  deviation  which  we  have 
hithedo  considered,  but  also  dispersion. 

.Suppose  we  have  a  convex  len^  ab  (l-~ig.  547),  and  ibat  a  parallel  beam 
of  wiiiie  light  falls  on  il,  ihcn  where  the  rays  enter  and  leave  the  lent  the 
violet  lays  will  lie  more  deviated  lowards  ilie  axis  of  ihe  lens  than  arc 
ihe  red  rays,  and  hence  ihc  violet  rays  will  be  brought  to  a  focus  at  a 
point  V  nearer  the  lens  than  the  point  w.  where  the  red  rays  ate  brought 
to  a  focus.  Thus  if  a  screen  is  placed  at  V  we  shall  get  a  central  viiilet 
»poi  surrounded  by  a  red  ring,  while  if  the  screen  is  placed  at  R  there 
will  be  a  central  red  spot  surrounded  by  a  violet  ring. 
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If  n  convcTitent  pencil  of  tnys  i>  mcitlenl  on  a  ci>natv«  lei»,  CD,  Ifie 
1  violei  lays  arc  brauj[hi  lo  it  focui  ai  a  pnint  v,  which  ii  Jurtk^r  from  the 
lens  llun  ihc  paint  k,  vbcrc  ihe  ml  m)'S  come  lo  a  (octis. 

If  ihc  convex  and  concave  Icnx  arc  of  the  tame  material  and  of  equal 
rucal  tengih,  un  beinK  placed  cIom  toKCthcr  the  twa  dixpcniniis  counicr* 
art  each  oibcr.  Inii  in  iliia  cuM  the  dovi.ilion  woiitd  alio  be  nil,  and  the 
whale  <vould  uiiiply  act  lik«  a  p!ane  slab.  Ry  ntaking  the  convex  lens  of 
'■  crown  iilaiis,  and  ihc  concave  len^  of  dim  gbu,  wc  aic.  hovrevcr,  able,  as 
in  the  cjite  of  the  pri^mv  lo  obtain  equid  and  opposite  diipeision,  and 
»iill  have  deviation  in  the  direciion  of  that  produced  by  the  crown  )>IaM, 
%.t.  the  conibinalion  will  be  a.  convex  leiu,  so  that  it  is  passible  to  conatnict 
achrumalic  leiiM.-i. 

By  the  use  of  two  lenses  it  is  possible  to  make  a  1en«  whic^h  shall 
^'be  adiroinaiic  as  far  as  light  of  any  two  colours  13  roncemcd.  The 
combination  will  not,  liowever,  be  achromatic  lor  light  of  other  colours. 


If  in  place  of  two  Icnsei  we  use  three,  mnA*^  of  materials  having 
different  lijsperMve  poweis,  the  combination  can  be  made  achromatic 
for  light  of  three  colours,  and  »o  on.  The  colours  for  which  the  lens 
tynem  is  rendered  achromatic  depend  oa  the  purpoM  lor  which  the 
lens  is  10  be  used.  Thut  for  a  telescope  used  in  eye  observations  the 
coloan  choMa  are  those  pans  of  the  spectrum  which  aRect  the  eye  mou 
strongly,  while  if  the  tele<icope  it  to  be  uie<l  for  photof^phy,  it  is  moit 
■mponanl  tlut  the  lens  should  lie  nrhromnliscd  for  the  violet  and  ultni- 
violet,  since  these  rays  are  diiefly  concerned  with  tbc  produclioo  of  the 
phot OE talkie  ima^r. 

3Ti  The  ftainbow.— Let  the  circle  in  Kig.  34a  represent  a  section 

'  of  a  spherical  raindrop.  Wlien  a  layof  sunlii^hi  ^,m,,  which  may  be  taken 
as  parallel  lisht,  fall  <  on  the  drop  it  wilt  be  refracted  aloRK  )>>i><„  and 
when  it  cuiiies  to  tbc  sutfice  ai  x„  pan  of  the  light  win  b«  rejected 

■  along  R,N,.  Ot.  aifain  reaching  the  uirfaco  at  n,  part  will  leave  the 
drof)^  being  tefiartcd  along  K,P,,  In  the  figuio  the  paths  of  only  a  few 
of  the  rays  luive  been  drawn,  in  order  lo  pre\-ent  concision,  bat  if  all  had 
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been  drawn  it  wuutd  1iav«  bMo  louitd  iImi  the  rajn  [ndd«ni  near  the 
pwnl  M„  such  th.il  ibe  rxdiiu  OM,  nukn  an  angie  of  i<f  with  ifac 
direction  of  tlie  incUleni  litchl,  ate  I«m  ikvialcd  by  thdr  two  refraction* 
and  one  refl^^iion  than  liRht  incident  at  any  other  point.  The  figure  al«o 
Kliowf  ihnl  the  mys  incident  in  the  neijchbourhood  of  ill,  fbini  a  parallel 
pencil,  .v,l'„  when  they  leave  the  drop,  while  in  the  osc  of  ray*  imidcnt 
at  any  other  point,  m„  they  fonn  a  divergent  pencil,  K,!*,.  Now  when  we 
vG  dealing  with  a  patallel  pencil  of  mys,  since  the  cross  section  mnnini 
constant,  the  decieaM  of  ihe  intensity  of  the  illtiminaiion  w-ich  the 


distance  is  small,  being  only  due  to  absorpiioii  in  the  nicdiiini.  \Vith 
a  divergent  pencil  il  is,  hoivevcr,  oihcnvise,  fur  the  ray*  iirt  iprtad  over 
S  greater  and  Ki^'tter  areaaJt  we  gu  away  from  their  point  of  inierseclioo, 
ftnd  hence  the  illumination  decreases.  Tlius  if  we  viewed  such  a  rain- 
drop from  a  distance,  we  should  rccclie  a  considerable  amount  of 
refracted  and  reflected  tight  if  wc  looked  along  l-^X^  but  very  little  if  we 
looked  towards  the  drop  in  any  other  direction,  if  XX'  is  drawn  parallel 
to  the  ineiUcnl  iiglii.  ihe  angle  n,P,X  is  138°,  and  the  angle  >i.P,x'  is  jj*. 
Hence  supposing,  with  our  eye,  F,  {Tig.  349),  as  npex,  and  the  dircclicm 
of  the  sun's  rays,  SES*,  as  axik,  wc  describe  a  cone,  d  which  the  angle 
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bctwem  th«geneniiin|;  lines  and  the  axia  is  41*,  all  niiutropa,  p„  f,  r>  &c., 
which  are  011  the  iurface  of  ibis  cone  will  be  io  Mluuicci  Ihat  iHe  pencil 
of  panllcl  rayii  which  has  un<l«tgDne  tntnimum  (l«viaii»n  cnn  enter  the 
eye,  and  so  ihe  drops  would  he  visible  as  bri^hl  points  of  lixhi. 


Flo.  319. 

The  phenomenon  it  not  quite  as  simple  as  we  have  hitherto  supposed, 

[for  the  white  i;iinlight  is  not  only  rrfiacicd  when  it  enters  and  leaves  the 

drop,  but  diipeniuii  ul»o  take*  place,  as  shown  at  A,  Fig,  35a    Tho 

result  is  lhat  while  the  angle  between  the  pencil  of  mJ  rays  which  emerges 


fro.  jja. 

irallel  and  the  incident  light  is  about  43°,  that  heiwcen  the  violet  raj's 
about  40'.     Hence  if  we  mjuire  to  tind  the   positions  of  the  drop* 
[whidi  will   tend   violet  light  to  the  eye,  we  must   emiMnirl  a  cone  of 
thich  the  half-vcitical  an^Ie  is  40*,  which  will  of  cuune  lie  inside  the 
va*  lor  the  red  rays.    Tlte  cones  corresponding  10  lixht  of  tniertnediat* 
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w&ve-lengihi  will  lie  between  these  two,  and  therefiire  what  ii  seen  b 
a  series  of  circular  arcs  showing  the  spectnnn  colotm^  the  red  being 
outside,  and  ihe  other  colours  following  in  the  order  of  descendtng 
wave-length,  Ihe  whole  constituting  what  is  called  the  rainbow. 

In  addition  to  the  bow  which  has  been  coruideted  above,  and  which 
is  called  the  primary  bow,  a  secondary  bow  is  sometimes  seen  out«de 
the  first.  This  bow  is  formed  by  light  which  has  been  twice  refected 
inside  the  raindrops  in  the  manner  shown  at  B  (Fig.  350),  and  the  angles 
of  minimum  deviation  are  S4°  for  the  violet,  and  51*  for  the  red  In  this 
bow,  therefore,  the  violet  appears  on  the  outside. 


CHAPTER    VII 

INTEKPERENCB 

373.  Interrerenee  of  Light.— The  bicdi  difficulty  met  with  ai  the 
oulici  by  ilic  cip-ment*  of  (he  vinduUlor}'  ihcorj-  at  light  wns  the  c»- 
planuiion  of  the  rcitilincar  propagation  of  litihl  and  of  the  farmation  vt 
itmdovii.  In  the  fstse  of  th«  ttaiisniiMion  of  sound  thtough  air,  which 
wAn  udmiiii'dly  dui:  to  ihe  vibration!!  of  the  air  partidvs,  a  sound  pro- 
duixd  outside  a  room,  and  cuniing  in  through  the  doorway,  is  found  lo 
spread  all  over  the  looni,  and  dues  not  confine  itself  lu  a  beam  poMiiiK 
acTMt  (be  room,  as  would  be  the  cute  v-tth  Iit;ht.  It  n-as  only  when  (he 
principle  of  interfciencc  Ka^s  introduced  into  oplict  that  the  forniaiion  of 
tihadowB  could  be  explained  on  the  undulatory  theory. 

We  have  already  seen  how  in  the  ca«e  of  ripplca  on  the  surface  of 
mercaty,  and  in  the  case  of  sound,  two  wave-inoiions  in.ay  combine 
to([eiher,  so  that  while  in  some  plat'es  iliey  destroy  each  other,  in  oihcn 
they  siTcnKiben  each  other. 

In  ihe  case  of  light,  ail  atictnpis  to  obtain  inicrlcrcnre  between  tight 
WBVM  emitted  hytwoneiKhbnunng  sources,  or  even  twoKparatepOTtiotu 
of  ibe  xme  source,  fails,  this  failure  being  due  to  the  fact  (bat  the  phatc 
of  the  light  vibmtiotis  given  out  tiy  a  source  stifleis  rapid  and  abnipt 
change^  so  that  in  the  case  of  two  sepante  sotirces  the  phase  of  the 
emtitcd  light  may  be  ibe  tame  for,  say,  a  thousand  i-ibrations,  a  ciest 
leaving  eai;b  liraultaDeaiisIy,  and  thus  producing  darknent  at  a  certaiti 
poini  /' ;  ibon  laddenly  the  phase  of  the  light  given  by  one  source  wtU 
change,  so  that  while  a  crest  n  leaving  one  source  a  trough  will  be  leaviii|[ 
the  oiber,  and  thus  the  wat'cs  tww  strengthen  each  Mlier  at  /*.  Since 
■ucb  changes,  if  they  oc<:urted  a  hundred  tinier  a  second,  nxwld  not  be 
viiuble  owing  to  persistence  of  miun,  and  darinx  a  hundrcdib  of  a 
tecond  5  X  lo**  vilMalions  of  j-ellow  tight  l:ikc  place,  it  is  c\'itlenl  thai  it 
Lia  not  necesMUy  to  auuine  that  the  changes  of  phase  ukc  place  bo  very 
fre4|uent)y.  in  order  to  explain  the  absence  of  interference  bcta-eeo  the 
light  from  two  independent  sources. 

If  iRUead  of  two  separate  source*  we  lake  as  soutres  to-o  images  of  the 
ine  portion  of  a  himinoiis  body,  then,  whenever  a  change  in  phase  takes 
placf  in  the  source,  the  corresponding  ihange  in  phase  will  take  place 
anmltmumisly  on  the  two  iniages  :  :uid  hence  if  interference  is  produced 
U  a  given  point  before  the  change,  it  will  also  be  produced  after. 

su 
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Frnnel,  in  order  to  (kmanMtaie  the  inirrfercnce  of  tijirht,  dented 
two  airongememi  for  proilucing  ivro  imiiHe  winces  in  hkIi  posiiions 
thai  they  inieriere.  Chie  o(  liis  airangwncnis  oonsuts  of  tw«  mirrors 
AB  and  Bc  (Fig.  jsOi  intlioed  at  an  anj;lc  of  very  nearly  i8o'.  so 

that  a  luminous  point  ix\  p 
will  produce  two  iiti2t(cs, 
nrie  at  F'  by  reflection  in 
liw  mirror  ab,  bikJ  ihc 
■ithcr  ai  i''  by  reflection  in 
the  mirror  Ik:.  1u§33Iwc 
have  proved  that  p",  p" 
both  lie  on  a  drcle  of 
which  B  ix  the  centre 
Hence  if  «e  j<»n  i^p", 
bttecl  ibis  line  ftt  V,  and 
jo)D  ra,  TH  will  be  ai 
right  aa)jlc«  to  Kp",  If 
fii  is  produccil  to  nicet  a 
screen  on  which  ilie  te- 
llcciud  light  i>  received 
at  O,  then  the  point  O 
is  equidisinni  fiotn  if 
luid  P". 

As  far  a»  the  rcfle«ed 
light  is  concerned,  we 
may  iTgard  it  as  coming 
from  the  images  p'aad  p", 
no  that  the  length  of  the  path  of  any  ray  which,  leaving  r,  is  reilcricd  ai 
one  of  these  mirrors  and  Mrikes  a  screen  riE  is  ihc  same  as  i(  ii  mmc 
from  p'  or  p",  as  the  case  may  l>c.  At  the  point  t>  of  the  screen,  which  i» 
equidistant  from  the  ima^jes,  the  light-waves  will  assist  one  another,  since 
tliey  always  leave  P'  and  F"  in  the  same  phase,  liicsc  points  being  image* 
of  the  same  source. 

There  will  be  interference  at  a  point  such  as  Q,  if  the  difference 
between  the  disianc^t  l^Q  and  P"iJ  is  eiiuni  to  half  a  Have.length,  lor 
then  the  vibrations  from  l'  will  reach  ij  in  ibc  opposite  phase  to  those 
from  p". 

The  manner  in  which  the  waves  coininj;;  from  i*"  and  !■"  at  some 
points  on  (he  screen  sircntfthcn  each  oiher,  anil  at  other  points  annul 
each  other,  is  made  clear  by  the  diagrammatic  representation  given  in 
Fig.  351.  In  this  figure  the  waved  lines  represent  the  displacemunis 
proceeding  from  the  two  sources  r",  P"  along  the  lines  r'o,  p"o,  P'Q,, 
P'Cj,,  &e. :  and  it  will  be  seen  thai  the  drsplacemcnis  producfd  at  the 
points  o  and  ij,,  due  to  the  two  sets  of  wave^,  are  in  ihc  siime  phate,  so 
tiial  the  resullant  displacement  is  twice  the  displacement  due  lo  cither. 
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It  will  also  be  leen  that  ihcrc  are  an  equal  iiun^bcr  of  waves  bnlwcen 
p"  and  o  and  P"  and  o,  but  Ihai  ihcrt  is  one  more  wave  beii««cn  r'  and 
O,  than  bcm-ccn  i'"  and  g^  At  llie  point  q,  the  wni-es  from  the  two 
sources  arc  in  oppo&itc  plianc  -ind  d«Mroy  each  other,  and  herv  there  u 
h*lf  n  wave  inorc  between  V  and  o,  than  between  P"  and  Oi. 

If  Willi  centre  Q  (Fig.  SSl)  and  radius  QP''  we  ileicribn  an  arc  of 
a  circle  cutlini;  qi'  in  C,  then  GI^  will  be  the  difference  between  the 
paths  P'q  and  P^i). 


Fiajsk 


Since  In  practice  the  distance  briw«en  the  images  p*  and  p*  is  ex- 
ceuively  inuill  compansl  wiih  the  diMniice  of  ehher  of  iliem  ftnm  the 
screen,  llw  arc  p"r.  may  b«  taken  as  a  straight  line,  w)iich  is  practically 
peipeadiculnr  to  qp*  ami  QF. 

ScDce  yfv'  it  perpcnilicnlar  to  OP,  and  CP"  is  perjicndiculBr  (o  OF,  the 
ftn^e  OFQ  U  n|ual  ii>  ihe  angle  cp'p'.  Hence  calling  this  angle  0,  and 
the  distance  between  ibc  images  %d,  *r«  hiiv«~ 


\        or.aiiu 


OQ 


-Jrf.. 


^ 


OF 


or,  ainecQF  ia  pnicikally  equal  to  OP,  9  being  t'ery  small, 

L: 


Cilltit][  the  distance  vf  between  tbe  images  and  the  mirrors  fi,  that 
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between  the  mirrort  and  ibe  screen  /,  and  (he  distance  of  the  point  Q 
from  o  4-,  wc  gcti  uiK«  or —/ + f , 


<r7>. 


Now  if  X  \*  the  wave-Icngth  of  ihe  light  given  out  by  the  source  P, 
iuicrfcicnce  will  he  produced  ai  Q  wlienever  the  differeijce  between  the 
pAlhs  KOi  l^Q  's  *"<:h  'h.ii  (he  liglil  reflccled  from  llie  t»o  mirror* 
arrives  at  Q  in  nppoMlc  phatci.  This  will  occur  nlicn  llie  patht  difTrr 
by  any  odd  number  of  half  wavc-lenfeths,  for  llie  cihet  ai  i>ninis  separated 
b}'  lialf  a  wave-length  or  any  odd  number  of  half  w.-ivc-tcngths  is  vibrating 
in  oppuutc  phaiea. 


Hence  ircp  b  equal  io(im  +  i)-,  we  ihall  get  intcriercnce  «t  Q. 
Hence  if  there  is  tnierfcrence 


or 


P*9 


i 


If  the  dilTcrcnce  in  path,  Gi'',  is  equal  to  an  even  number  of  half  wave- 
1cii);tti!i,  (>.  10  a  wliole  number  of  wnve-lengihs,  ihe  light  will  reach  y  in 
ihc  sume  phase,  and  lience  a  bright  band  wit]  be  produced  at  g< 
ihib  ovtun, 

■K    /  +  y 
3      id 


ch  li  in        J 
Wlwro        I 


In  lhi«  cjiperimcnt  the  two  inia^e  sources  f',  e''  play  the  same  part  as 
the  two  necd1c-poini»  Attached  to  llie  luninc-fork  in  the  interfvience 
experiment  with  capillary  waves  on  the  surface  uf  mercury  (§  371).  If 
a  tine  in  Fig.  2:3  wcic  diawn  parallel  to  the  line  joiiiiii);  the  two  ccntrex 
of  diitturbance,  this  would  represent  the  screen  in  the  optical  experi- 
ment, and  wherever  thi»  line  cuts  one  of  the  intcHercncc  curves  in  the 
figure  would  correipond  to  a  dark  band  in  llie  nplica)  experiment,  while 
half-way  between  cacli  curve  tlic  merciity  suifncc  is  disturbed  by  the 
combined  action  of  the  two  centres  of  disturbance,  ;inii  tliii  corre»pon<U 
to  a  brii{ht  band  in  )it:lit. 

In  the  second  method  used  by  Fresnel,  the  light  front  a  Itiminous 
point  P  passes  through  two  nnrrow-nngic  prisms.  AR  (Fig.  353),  placed 
with  their  bases  in  coniacl,  forming  what  is  called  Kresnel's  bi-pri*m. 
After  passing  through  the  bi<pri»m.  the  light  travels  as  if  it  came  from 
the  two  points  v"  and  p".  and  interference  is  produced  on  a  scicen  placed 
at  I>E,  as  in  ihe  previous  ease.  Calling,  as  before,  the  distance  of  the 
images  from  the  bi-prism  fi,  that  of  tlic  screen  from  ihe  bi-prism  g,  and 
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the  dulance  be(wt«n  Ibe  ima|^  z^,  then  a  dark  ImukI  will  be  pioduccd 
by  iuterference  at  g,  if  the  distance  OQ  or^  btnch  that 

at  in  the  cai«  of  the  two  mirrois. 

KtcsDcl  nutli;  um-  of  time  cxpcnmentx  on  inlerference  to  pnn'c  (hat 
the  vuUicily  of  light  in  air  ii  {[ttaier  than  in  glass,  aiicl  hence  to  show 
that  the  entisnioD  ibcory  was  untenable. 


Vro.  30 


Let  r-a  be  the  velocity  i>f  light  of  any  j{'»en  colour  in  air,  and  r/  the 
velocity  of  the  same  coloiiretl  light  in  tclass,  and  K>  »nd  V  the  »»ve- 
lenijth  ni  air  and  g\aM  ics|>ectivel}-.  The  colour  of  the  ti^ht  being  the 
same  wbeiher  it  is  passing  tliroush  air  or  iclait,  the  frciiuency  of  the 
vibration  mint  be  the  same  in  ihc  ino  nicdjj,  so  that  «c  have 


*d4 
or 


tv"v 
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Suppote  now  that  light  pmceeding  from  the  two  points  ^  and  P* 
(Fig.  354)  produces  interference alQ,  and  ihai  in  the  pHlhof  ihe  light  piti- 
recdinit  from  l"'  we  introduce  a  plate  of  gbus  \k  tif  thickne»s^.  Further, 
tUippoM  llut  originally  g 
was  the  dm  daii  inierfcr- 
mce  band,  na  thai  the 
'  paths  lAj  and  P"Q  diflered 
I^  ^/X.  Ucfore  the  intro- 
duction of  the  glass  the 
number  of  wavc-lcn^hs 
in  air  between  A  and  ii 
was  v!\m,  while  ali«r  ibc 
introdiKtion  of  ibe  glam  ihe  number  of  wat-e-lengtbs  between  a  and  B  i* 
_K.i\«  If  then  Xf  is  less  than  \a,  ihrie  will  be  more  wave-length»  between 
A  and  R  when  the  glass  is  introduced  than  there  was  before,  so  thai  i 
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path  fmtn  p"  ia  Q  win  b«  lotiKcr,  />.  connin  a  Krealer  number  of  wavc- 
ientnhs  ihan  before,  aod  therefore  ihe  lu-o  parht  p*!}  and  P'q  will  no 
lon^f  dilTcr  by  half  a  watt- length.  In  order  to  ^gti  interforeocc  when 
(he  glai>  i»  iniitKluced,  *c  mu«  tlicrcfore  kngthcn  the  path  P'g  and 
>hocien  the  path  p'q.  Thi»  will  be  the  case  for  a  poiot  ludi  »  q'  nearer 
D  ihun  Q.  In  the  ume  way,  if  ^  is  greater  than  Xa,  the  point  where 
iiuerforence  ii  produced  u-i1l  be  moved  uway  fram  o  wbcn  the  gla»»  is 
introdnccd,  to  that  if,  on  the  inittidoctiori  of  the  Kin**,  the  interference 
baiid«  move  towards  ibc  side  on  which  ibc  gUM  hns  been  introduced,  we 
ahould  infer  thai  ih«  wave-length  in  glaii  X^  wai  smaller  than  the  wave- 
length in  air  \«,  and  vice  vtna.  On  pcrfomiiag  the  expetiment  the 
biin<U  move  l&a'ords  the  side  on  whkh  the  gUu  i«  introduced,  k>  that 
the  wavc-lcinjih  in  air,  and  hence  al»o  the  velocity  in  air,  is  greater  than 
ihc  correspond ing  quantities  for  glats. 

FrwineV*  expfiiments  may  be  tised  to  measure  the  wave-lFngth  V  oi 
tltc  light  used,  for  by  measuring  x  we  can  calculate  X.  It  is,  however, 
generally  more  convenient  to  measure  the  distance  between  the  dark 
interference  bands  thun  to  mcasutc  Ihe  distance  of  a  cl;iTk  band  from 
ilic  central  bright  band.  The  distances  of  the  lirsl  lew  dark  bands  from 
O  are  given  by 


Si£±V,&c,&c 


na  that  Ihe  distance  (<]  between  two  consecutive  bands  is 

In  this  expression  ^—^  is  independent  of  the  wave-lcnglh  of  the  Hfrht 

used,  so  that  .we  see  that  the  greater  the  wave-!enyth  \  the  further 
.ipatl  are  the  interference  bands.  It  is  found  by  experiineiiT  that  with 
red  light  the  bands  arc  further  apart  than  with  violet  light,  so  that  llie 
wave-length  of  violet  light  must  be  less  than  that  of  red  light. 

If  while  light  is  used,  ihc  violet  light  will  be  destroyed  nearer  to  the 
centre  O  Ihnn  the  red  light,  so  that  this  red  left  over  will  produce  a  red 
band  on  cither  side  of  the  central  bright  band,  which  will  be  while,  for 
the  light  of  all  wavc-lenglhs  arrives  in  the  same  phase  at  O.  A  hitlc 
further  out  (roin  o  the  red  light  will  be  destroyed  by  interference  leaving 
the  violet  light,  so  that  here  a  violet  band  will  he  pmduceil.  Hence 
when  white  light  is  used  the  first  dark  band  will  be  bordered  «-ith  red  on 
the  in  tide  nnd  violet  on  the  ou  I  side.  The  distance  between  the  points 
where  the  red  and  violet  sire  destroyed  will  increase  with  each  successive 


TAf  Diffraction  Grating 

tnnd,  until  finiitty  there  nill  b«  ovcrlnpping  hciB<ecii  one  brighl  band  Tor 

the  violet  and  the  previous  Wif;ht  band  fov  ihr  red  ;  ami  at  tximc  ditiance 

from  o,  the  overlapping  oil]  Ik-  w  consiricriible  that  while  li);ht  will  be 

reprcKiu<eii,  ami  50  no  Isimis  "ill  be  dibceniible. 

874.  Tho  DilTractlon  Grating.— A  diffnitiion  grating  con*i»»  of  a 

number  of  ctjuidistaiil   parallel   lines   ruled  on   a  pbic  of  gbkt,  or  of 

iipectilum  nieLal.  In  oider  10  explain  ihc  iiclioii  of  a  giailnK,  we  riiall 
kluppoM  thai  it  consists  of  a  xeriei  of  equally  spafed  opnijiic  lines  nil«d 
ron  a  plate  of  glaxt,  the  width  of  each  line  being  equal  10  the  spacA 

belv'een  two  adjacent  line*. 

Let  AD  and  cii(rig.  355)  be  two  adjn<«nt  space*,  and  suppowa  beam 

of  parallel  tight  10  be  incident  on  the  grating;  noTinally,  >>.  piirallet  to  na, 

BO   that    iho    incident    vavc-fronis    arc 

parallel  to  tlie  grating.     We  may  then 

look  upon  ea<:h  point  in  the  spaces  ah, 

CD,  &(L,  as  a  centre  of  disturbance  from 

wtuch   light-waves   are    jnopaguted.  all 

ihese  waves  starting  in  the  Mine  pha>e. 

Consider  i«o  of  these  centres  of  di*- 

lurbancc,  one  ai  A  and  the  other  at  C, 

The  disturbances  from  ihete  rentrc^  will 

readi  all  points  at  equal  distances  from 

A  and  B  in  the  same  phase,  and  »0  will 

atrcngthcn  one  another. 

At  any  other  point  Q,  howe\-eT,  the 

disturbances  need   not  be  tn  the  same 

phase.     If)  M  is  almys  the  case,  q  is  al 

very  ;reat  ^stance  from  ibc  grating  com- 
pared to  AB,  or,  as  shown  in  the  figure. 

a  lens  1:  is  interposed  lo  form  an  image 

al  tt>  principal  focus,  we  may  take  the 

linct  AU  and  CK  as  parallel,  and  both 

indincd  to  tbe  normal  to  the  Kraling  at 

an  angle  9. 

From  A  draw  All  pcrpendicidar  to  CK 

or  AM ;  Iheo,  since  n'a  is  perpendicu- 
lar to  CA,  and  AM  is  perpendicular  to 
lAU,    the    angle    cam    included   between 

CA  and  AH  is  ei]ual  to  tbe  angle  f  included  faetwm)  k'a  and  AM. 
.Therefot*  CJl-AC.ir.0, 

W  ifii  i*  (he  oombined  width  of  a  space  and  a  line,  so  tliat  AC^J, 

*vet  uarltng  from  a  and  c  will  be  in  the  same  phaic  when 
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ihey  rcKch  Q,  And  therefore  will  itienKthon  cAch  other,  if  ih«  diAierencK 
in  the  paths  AM  and  CK  it  equal  to  an  even  numbvr  of  half  wavc-lenRth^' 
Hence  the  modilion  for  the  prodndion  of  a  bright  bauid  at  q  is  th^t 

rfsiaO-M.^, 


or 


sinff--j. 


If  CH  is  equal  to  an  odd  luimbcr  of  half  vrave-tpnEths,  inierferenc«  will 
be  produced  at  Q,  the  contUlioD  fur  a  dark  band  beiug 

</>in0-(aa+iA 

What  we  have  MJd  with  reptid  to  the  two  centre*  a  and  C  will  also 
apply  to  each  pair  of  ceniics  taken  in  Alt  aiid  CD,  »a  that  the  shove 
equations  also  give  the  eondiiions  fo(  (he  ptoduciion  of  a  bright  or  dark 
band  at  y,  when  the  whole  of  the  two  ^pacet  ABand  cd  are  opcmiire. 
A  tiinitar  argument  holds  with  regard  to  the  next  two  spaces,  and  Kt  on, 
so  that  the  above  e()iiaiioii&  apply  to  the  trraiiii^  taken  as  a  whole. 

If  we  cxinsider  the  fint  bright  band,  then,  a»  <^  is  conKUnt  and 
Kin  9=\!tf,  it  is  e^'ident  that  the  value  0(6  will  vary  with  the  viavc-lcngth 
of  the  light,  so  that  by  measurinji  the  anple  0  for  the  fifBt  bright  band 
produced  by-  different  coloured  lights,  u-e  rjin  r-.-ilculai«  the  viavc-length 
of  tlicie  lights.  If  while  lijifhl  i»  used,  the  pnsiiinnx  of  the  bright  baadt 
will  be  dilTerent  for  the  different  colours,  and  hence  a  spectrum  will  be 
produced. 

When  using  this  method  to  measure  the  wave-length  of  light  the 
grating  is  mounted  on  the  table  of  the  specironicler  (Fig.  317)*  wtlh  its 
Mirf.iic  normal  to  ilic  light  cuniiog  ihruugh  the  collimator  and  the 
rulings  on  the  grating  paiallel  to  the  sliL  'rhe  tdtsc;ope  is  then  turned 
to  view  the  bright  bands  on  either  side  of  the  central  bright  baivd 
corresponding  to  the  undeviated  light,  and  the  diflcrcnce  between  the 
readings  gives  :0. 

If  white  light  it  used,  a  series  of  spccini  will  be  obtained  corresponding 
10  the  cases  nhen:  n  is  made  I,  2,  3,  &c,  in  the  fomtula 


HO  €• 


The  least  deviated  spectrum, for  which  n^i,  is  called  the  firtt  spectrurat 
and  if  ^.,   ^n  aie  the  wave-lengths  of  the  light  corresponding   to  the 

'  After  striking  ihr  tens  Ilip  wivw  will  bp  tiroiighi  10  a  fiicm  m  Q.  and  the  >irtiud 
length  of  the  pollii  dc[>mcb  nn  ilir  conKtiinl>  of  ttir  lent.  Tbe  viriiul  Inii^b,  ihu  is. 
the  iFTigth  nUowmg  fnr  iIm  fuel  tliul  )i|;lil  ttatvls  iluunc  in  zhtn  than  in  aii,  of  all  the 
palhi  lioiii  thr  (irsi  iUrflFf  of  ll'r  Irnt  lo  tlli.-  (ocus  q  [i  llic  unw.  »  thai  DLiiy  dtfl«i- 
enoe  0I  phase  whicb  eiiu*  ai  U  >n<l  k  will  peniri  when  die  wave*  mdi  g. 


d 
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A  and  H  Fraunhofier  lines,  the  diflerence  betv-eeti  the  i-alues  of  9  Tor 
thete  two  lines  will  be  Kiv«n  by 

sintf»-Mn(9K=iCx,-X,). 
In  llic  twcond  ipecirum.  for  which  n=i,  wc  ha**  in  ihe  same  tra.f^ 

Henc«  in  thij  wcond  specimm  the  difTerenon  bciwcca  the  sinet  of  ihp 
ansles  vi  deviation  ii  twice  KS  great  as  in  the  fir«t  spccirum,  bo  that 
fft  —  ffn'n  greaiei  than  0,  -  $mt  or,  in  oihec  words,  the  dispersion  in  the 
Mcond  »peciruin  it  greater  than  in  th<r  lirsu  In  the  same  way,  the  dts- 
penion  in  Ihe  third  speciriiui  is  greater  than  in  the  second,  and  so  on. 

In  the  follnwing  Libk  ihc  valu«t  of  the  wat-cOength  for  ihe  principal 
Fraunhofer  line*  are  given  ;— 
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37&  Colours  of  Thin  PlatMi.— It  b  a  mailer  of  comnon  obnerva- 

'  lion  that  wimc  bodies,  such  as  soap- 
bubbles,  thin  films  «f  oi)  on  water, 
of  oocidu  on  meialti,  glass,  &c., 
sbow  under  certain  coodilions  of 
tltuminaiion  brilliant  coioura.  The 
mplanaituin  of  Ibesc  colours  on  tbe 
wave-thcoty  of  light  is  easily  ob- 
tained. 

Lei  ABCD  <F1g.  3s6)  represent  a 
•action  of  a  glass  plate,  and  lupprae 
tliai  a  paralkl  beam  of  light  ii  inci- 
dent tn  Ihe  (titeciion  tu,.  A  ray, 
lUi,  will  he  p:in1y  reflected  at  M| 

raed  pattly  refracthd  along  M,l,    At 

it  )])«  refracted  ray  will  be  paitly 

'  reflected  along  LM,  and  partly  refracted.  The  rellecicd  portion  will  again 
meet  the  surface  at  M„  where  pan  will  be  rcOected  and  part  refracted 
along  u,B.  A  ray  directly  incident  at  Mj  will  also  be  partly  reflected 
along  Ujlt,  so  that  wo  sJialt  have  two  wat«s  which  left  1  and  1'  in  iha 
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Min«  phuie,  one  having  mrerml  the  paili  IM,LM,R  and  Ihe  other  the 
path  l'il,R,  anti  aa  tli<:v  |uii)ii  ililTci  in  tcnuth,  we  nu)'  hnvc  IhcM  waves 
inicrfcritij;. 

In  order  In  get  t]i«  diRbrcRce  in  the  Ic-ngib*  nf  ihcsv  two  paibs  we 
draw  M,l'  perpendicular  lo  m,i',  k,v.  pcr[icniii<:>iUr  lo  m,i,  MiN'r  a 
normal  through  M^,  and  t.N  n  Dortnal  ihruutjh  l.  Prodnce  U|L  to 
meet  the  noimal  ihrou>:h  m,  nt  C 

Now  M,r  is  the  wave-Burfac*  al  the  instant  the  wave  reaches  M,.  for 
it  a  at  right  angles  to  the  incident  ray;  lu,  and  I'm,  Aim.  u^  ia  the 
wave-surfncc  of  the  refracted  nitve  when  the  mddenc  wave  rrschea  U^ 
for  it  it  at  right  ant,'lei  to  the  refracted  ray  U|L(see  nito  %  366).  I'bus 
when  the  disuirbance  travelling  along  I'm,  lenrhes  Mj,  the  dtsturbunce 
travelling  aton^  1M,I.  will  have  rciched  E.  [lencc  we  hflvo  to  find  the 
time  the  diMtirbance  takes  to  tmvcnic  the  path  ki^,. 

Since  the  sides  of  the  film  ah  and  i>c  are  parallel,  tlie  angle  KL«,  » 
equal  to  the  an^^lc  LM,N'.  Also,  since  the  normals  NL  and  \ljr.  are 
parallel,  the  anijle  Nlm,  is  equal  to  the  angle  K'gI,  Bi:t  by  the  law  of 
reAeclion  the  angle  NI.M,  is  equal  to  the  angle  NLMj.  Hence  the  angle 
Wt*'  is  equal  t"  the  angle  t-M,N\  Thus  the  tri angles  ix-N'  and  lMiN* 
are  equal,  and  m,n'  is  equal  to  n'o,  and  lm^  is  equal  to  ua.  If  therC' 
M,n',  or  ihe  thickness  of  the  film,  is  7~and  the  angle  m,LN  is  0,  we  bat's, 
from  the  right-angled  triangle  M^E,  eo^m^.  cos  m,ci.=i7"cos 
KI.+  LM).     Hence  ihc  dlfTerencc  in  the  lengths  of  the  paths  is  2T<a  fi. 

If  f'and  r^  arc  the  velocities  of  the  light  in  air  and  glass  respectively, 
and  X  and  \g  arc  the  wave'lcngths  in  air  and  glass,  then  since  the  fre- 
quency in  the  two  media  must  be  the  same,  Xa-,^= 'i'/I'=  l>  (S  366X 
Hence  if  there  arc  n  waves  between  E  and  Mj  along  the  path  KLMg,  we 
have,  since  this  path  is  in  glass,  hfi7"cos  ft'>^=;7fi  cos  )3,Tl  Thus 
the  phase  of  the  diaturUince  which  travels  along  tM,[.MjR  is  a  periods 
behind  the  phase  of  the  disturbance  which  travels  nlong  i'm^K,  where  n 
Is  given  by  the  above  equation.  Now,  if  the  raj-s  had  both  itavclled 
tbroughuiit  their  coufm  through  air  only,  while  ilic  length  of  one  path 
had  difliired  from  the  length  of  the  other  by  2  T^  cos  9,  the  phase  of  one 
disturbance  would  have  lieen  i7)i  cos  ;9/X  periods  behind  the  other. 
Hence,  in  the  case  where  one  disturbance  travels  through  glass,  we  may 
call  the  product  of  the  ditTcienrc  of  the  lengths  of  the  paths  into  the 
refractive  index  of  the  glass  the  efftdht  ditfercnre  in  the  paths,  so  that 
in  the  case  considered  the  effective  difference  of  pathc^zT)!  cos/H. 

If  this  difference  in  path  is  icro,  then  weshouldcxpect  the  two  waves  to 
strengthen  each  other,  since  along  M,R  they  mould  lie  in  the  siime  phase. 
If  T  is  made  vanishingly  small  the  difference  in  the  paths  vanishes,  so 
that  there  ought  to  be  maximum  reflection  for  this  case,  since  the  light 
refiected  from  the  two  surfitces  will  be  in  the  same  phase.  It  is  found, 
however,  in  the  case  of  a  soap  film,  th.it  a»  it  gets  thinner  a  tliicltness  is 
at  length  reached  uhen  no  light  is  reflected  from  the  film,  while  wheo  it 
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I  M  ihickor  coloun  »Te  prcxluccd.  We  are  thercFare  led  to  th«  conclution 
I  that  ihc  aliovc  iovctlijfalton  is  (icfective.  Ilie  fact  n  ihnt  the  rcAmioriK 
^^  thai  Lake  place  at  I.  and  M]  ocoir  iiiwier  difTcrrnl  toniiiiions,  in  ilinl  .11  L 
^^^  ibe  li^t  is  irafclling  in  a  dense  iDcdium  and  U  icHcrtrd  .-it  a  Mirlace 
^^r  scpaniiiig  adenKr  medium  (^t8M)fTOm  «  lcs»i  dense  medium  (itii\nliile 
at  Uj  the  lisht  i*  iravctling  in  ibe  ten  deuse  medium  aiid  is  ivflecied  ai 
A  mriracc  Mpatalint;  thii  medium  fram  a  more  dense  medium. 

Wemayfonn  an  idea  in  what  manner  this  difTercnce  in  tbc  cimim> 
slancct  of  the  reflection  nilt  atTeci  the  phase  of  the  TcScctctl  lijiht  \iy 
oonsidering  the  impact  of  two  cUmic  panicles  ofdificirm  masK.  If  the 
Hshicr  panicle  strikes  the  heavier  particle,  it  will  dn\'c  the  heavier 
p.iit>cle  forward,  but  it  will  itself  rebound  so  that  its  own  motion  witi  be 
tutldenly  levened.  Since  a  sudden  icvenalof  a  moving  piiiticle'i  motion 
ccirTcii|X)ndi  to  a  change  of  pluise  of  li.ilf  H  ■■avc- length,  ■*  can  conceive 
that  when  a  light-wave  mox-rng  in  air  stiikei  a  dcniei  medium,  Mich  as 
gtasf,  the  rcfiartcd  my  will  be  in  the  same  phase  as  the  incident  ray,  but 
the  reflected  ray  wilt  undergo  a  xuddcn  chan);e  in  phafte,  e<juivalent  to 
the  hMs  of  half  a  wftvc'lcngth  at  the  moment  of  icl^criion. 

If  a  heavier  panicle  strikes  a  iifihter,  then  the  lighter  panicle  is  driven 
forward,  but  il>e  motion  of  the  heavier  particl«  continues  in  its  urij^iiLal 
directioa.     So  that,  in  tlie  case  of  a  tmsv  of  li)[bt  ttavetlinK  in  a  dcnxH 
_       medium  and  meeting  a  surface  separating  thix  medium  Irom  a  lens  dciue 
^■'on«,  Ibere  will  be  no  chanire  in  pba«e  in  either  the  refracted  or  reined 
^^  wave. 

Hence  while  the  reflected  ray  at  M]  loses  or  gains,  whichever  we  like 
to  take  it,  half  a  wave-length,  due  simply  to  the  rcAectioo,  the  ray 
[M|I.1I,R  does  not  suffer  any  sucli  sudden  Iims  or  gain.  In  considering 
the  interfctente  of  the  la-o  ray*  along  M^,  we  must  therefore  add  ^/s  to 
i^M  path  IM^,  so  that  the  difference  in  path,  allowing  for  thi*  eflect  due 
to  reflection,  it  . 


If  in  thit  expreuion  T  is  made  very  «mall,  the  two  waves  mil  differ  in 
by  X|'i  and  hcn^e  will  produce  interference,  and  we  shall  get  no 
:ied  lighi,  which  agrees  wiih  experiment.. 
Interference  wilt  also  take  place  i(the<lif««net  in  pbase  l>eiween  the 
two  rays  i»  any  odd  number  oi  half  w«v».|ct^ih9.  Hence  interference 
win  take  place  'f  %  i 

or  if  nX— sTficos  fi. 

In  iht*  expreuwn  it  must  t>e  remembered  that  \  is  the  aave-lengthof  ibe 
Kghi  in  air.  and  ^  '%%  the  angle  of  incidence  on  the  second  surface  of  (he 
Ibin  plate. 

Ifibe  ibickoeH  TtA  the  plale  varies  and  the  incident  Itglit  is  white,a 
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s«ri«s  of  coloured  patches  and  streiiks  uill  be  fonned,  for  liptii  of  the 
ilifTcneut  colours  which  constitute  while  light  will  he  destroyed  by  inter- 
leicnce  at  diffrreni  pninis  the  thickneu  beins  i^ven  hy  ihe  above 
exprvMioi),  and  llic  rrflerird  light  will,  by  the  kns  of  Ihc  deslTO)'ed  ray*, 
appear  colour cd. 

976.  Hewton's  Rings. — Wlien  a  convex  lens  of  lar)i«  radiut  i« 
pressed  uii  a  flat  piece  of  glass  or  on  a  concave  ^lan  surface  of  gtcatet 
nidiuiof  curvature  ihaa  thai  of  die  lem,  Hie  point  where  tbc  lens  toachet 
ihc  glass  will  be  ^eea  •tiu rounded  by  a  series  or  dark  riDgs  if  ihe  light  b 
monochromatic,  or  of  coloured  riiiKS  if  white  liKtit  l»  used.  These  rinj^ 
which  are  known  x%  Newtim'*  linifs,  are  produced  by  intcriereiKc  In  the 
thin  lilm  of  air  encloied  between  ihe  inyi  glass  Burfacei^  and  may  be  seen 
both  in  tlie  reflected  and  in  ilic  transmitted  light 

If  SOPN  (Fig,  357>  lepreseols  v  section  of  the  sphere  from  which  llie 
lens  may  be  ftuppoted  (o  be  cut,  anil  ab  the  s^san  plate,  which  the  lens 

touches  at  o,  then  the  thickness  of  Ihe 
air  film  included  between  the  l«ns  and 
Ihc  plate  it  Kro  al  O  and  increases  as 
we  past  out  from  o. 

I.ei  g  be  a  point  at  a  distance  r  from 
the  point  of  contact,  then  the  ihickncts 
of  the  air  film  at  Q  can  be  found  a»  fol- 
lows. Draw  gp  perpendicular  to  ab  to 
meet  the  circle,  and  through  I'  draw  Ps 
I>aral1el  to  Ait,  culling  the  diameter,  no^ 
of  the  circle  in  K.  Then  by  a  well,  known 
property  of  the  cirdc  PR.RS  — OR-RM"" 
(oN-OR)oii. 

IlenccifR  is  ihe  radius  of  curvature 
of  the  surface  of  the  lens,  and  or  or  i>q, 


F10.357. 

the  thickness  of  the  air  film,  is  called  i\  we  have 

* 

r*={iR-Tyr'-ifir-T: 

Now  since,  when  interference  lakes  place,  the  thicknc"  7"  of  ihe  air  film 
is  always  very  sniall  compared  10  the  radius  of  the  Jens  A",  ibe  quantity 
r'  wit!  be  very  small  compared  to  3RT,  so  that  wc  may  neglect  7^, 
«Dd 


Or 


r- 


Sf 


We  have  already  seen  that  in  the  case  of  reflected  light  inietferencc 
will  take  place  if  7"«*  — "      ,j  where  X  was  the  nave-length  in  the 
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tnediuin  outside  the  film.    If  X,  is  the  wave-lentcili  ia  Ihc  medium  ouu»de 
ibc  film,  >ad  ^,  ihc  vrnve-length  tn  Ihc  Gin),  then 


or 


Hence  interference  wrtll  take  place  if 

when  X,  is  ihe  va^^e-length  in  ilie  lilm. 

]r  the  ca,st  of  Ncu'ion's  rmyi  u-c  are  dealing  with  air  at  ilie  lilin,  anil 
»o  X,  is  liece  llic  u,iive>lcngth  in  air,  so  lh.it  we  shall  have  a  (LirU  nn},' 
paSMng  Uirough  Q  if 

r.'       *V^ 

Sf'°!Cns7Jr 

cm  p 


or'iT 


If  the  kns  and  plate  are  in  ciMiIact  at  the  centre,  we  thati  get  inter- 
ference^ as  we  have  already  ^nwn,  iin<l  there  will  be  a  black  spoi 
M  ibc  centre ;  Ibc  radii  of  «ucce:isive  dark  rinji«  ui!l  be  obtained  by 
taking;  n  cciual  to  i,  i,  3.  &c.,  *o  that  the  iquarcx  of  the  radii  o<  luc- 
ccsMve  dark  tm^^  arc  pmporiionnl  to  ihc  natural  numben,  1,  2,  3,  &c 
The  an|{le  ft  i«  lluit  ohich  the  light  rays  in  the  air  film  make  with  ihc 
plnte,  but  in  all  practical  ratct  the  lcn%  ia  nf  such  Hiukll  ctirvniurc,  and 
lite  rinjis  are  only  formcil  so  near  the  tenire,  thnt  we  may  regard  iJic 
len«  as  a  psrnllei  plnte.  so  that  the  rays  in  the  air  lilm  will  be  ]nra1lcl 
to  the  Tiiys  incident  on  il>c  upper  surface  of  the  lens  ""d  '^'^  ^f^^t  t'he  fi 
as  the  allelic  of  incideivce  of  the  rays  on  tlic  lens. 
If  the  li|;bt  is  iiKideni  normally  ^-<t,  and 

At  the  centre  there  is  interference  for  all  the  colours,  so  that  with 
white  li);ht  tlic  centre  is  black,  as  we  paw  out ;  if  X,  is  tlie  wave-kngih 
of  violet  light,  then  «)ien  H  is  c<{U3]  to  \mR  iliis  violet  light  nil)  be 
destroyed,  and  bencc  the  rcnwiiiing  light  will,  along  this  circle,  appear 
coloured  red.  A  liiilr  farther  out.  r'  is  e<|ual  to  X,A',  so  thai  the  red 
light  is  dcsiroyed,  ntwl  the  remaining  liglit  apt)eari  violet.  When  p*  it 
e<jual  to  linA",  the  vio'ct  will  again  be  d-itri>yetl  and  the  refl  left,  while 
when  r'  is  equal  to  i^^ft,  the  »ioIel  will  be  left.  Thin  uiili  while  light 
the  central  black  ipol  will  be  anrrounded  try  a  ^leiics  of  cxikiured  ringli 
each  of  which  is  rei<  on  the  inside  and  vinlel  nn  the  (iuuidc. 

Ncwion'i  ring!  arc  also  formed  in  the  lijihi  which  is  transmitted 

3  M 


54*3 


I-igkt 


tS376 


through  llie  \iem  and  ptaie; 


Ft«.3S»- 
Uiintt  the  snrne  notniion  as  before. 


If  AR  (Ftg.  3;B)  U  the  Mirface  <if  the  phic. 
And  AEiK  l])c  lens,  then  n  niy 
of  lii;ht  incident  nnmijlly 
Along  IQ  m^-encs  tlic  air 
film,  and  ai  P  is  pan])-  tranv- 
n^iiicd  aking  Ps  and  ^anljr 
tcriccted  along  rQ',  where  it 
n  again  iMn)y  reflected  •.%ian% 
y'p's',  lnierferei>te  may  then 
take  pliitB  lictwcen  the  wavcc 
whidi  iiiive  travcised  the  air 
filcn  oocc,  and  ih<we  whirh 
Imtc  liuvencd  it  three  timcv 


nn<l  the  diAercncc  tn  juth  is  given  by 


3PQ' 


The  ray  ts,  at  it  ii  nowhere  t«l1ected,  undergoes  no  Eudd«n  dian^  in 
phBie ;  the  tny  lii/s",  howwcr,  in  reflected  at  p  and  at  y'.  and  in  eat* 
case  at  the  siirfnce  of  .i  if/ntfr  mediiim,  and  lose*  ai  each  Imlf  a  wave- 
length, or  a  uholc  wavc'lcntjih  in  all.  H<.-r>i:c,  as  iht;  lo^s  or  gain  of  a 
wliol«  nave-length  by  one  ray  docs  not  aflctt  the  tnterfltreiicc  pheno 
nwna  between  two  rays,  we  have  that  interference  will  lakir  place  when 
the  dilTci^ncc  in  the  paiht  is  equal  to  an  odd  iniitiipte  of  ili«  half  wav«- 
IcDKib.    Hence  lliere  will  be  a  dark  ring  pasiiag  through  ij  if 


a/'y 


.(M+l^- 


or 


or 


while  there  will  tie  a  bright  rirtg  for 


3 


When  «=o,  r't.fl,  %a  that  there  will  lie  a  Wight  spot  nl  the  centre,  a*" 
is  also  obvious  since  here  the  Icn*  and  plalc  are  in  contact,  so  that  there 
is  no  air  film,  and  the  linhi  i*  simply  traiisjiiiited.  By  compnring  ihe 
expressions  for  r  in  the  ca^c  of  rcflpctcd  and  Ininsinilled  light,  it  will 
be  seen  that  where  llierc  is  a  dnik  ring  for  one,  there  nil)  be  a  bright 
ring  for  the  other. 
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877.  StaUonarr  Wavos.-Uppmann's  Colour- Phototrraphy.— 
Sup[)c»«  a  bcitn  of  p.-ir>l1ic:l  rays,  nr,  in  olber  worilj,  :i  series  lA  pl.me 
H-aves,  ix  incident  notmally  on  n  pUnc  mirrur,  then  Ibe  u*ace*i  inll  be 
rcllnctcd  ai  ihc  niiiror,  a»d  wc  may,  a«  in 
t])e  caM  of  walcT  wjivcs  (g  37jX  Iuit«  »ia- 
tionarr  w»v«s  act  up  uviag  to  ibc  inter- 
leicacc  between  tlie  ilirMt  and  rellected 
wamk.  Coiuidcr  a  point  v  (fig.  339),  nt 
a  distance  j*  (ram  ihc  mirror,  tlien  wc  may 
oonridct  that  ai  p  we  have  luo  »criei  of 
waves,  one  the  dim:i  wuves  and  ihe  other 
a  trries,  which,  startrnt;  in  the  nine  pha>e 
as  the  din-ct  wave*,  has  travelled  alontf 
a  path  nliich  excccdiril  (hnt  i>f  the  direct  waves  by  zj~.  We  must  alto 
add  halfa  navelcnjnh,  for  the  reflection  ai  O  takes  place  at  tbesuKacc 

of  n  dcRKT  mcdiuiii.     Hvnte  the  dilTercnce  uf  path  v,  ically  ai-t--. 

I'liere  uiM  be  iiiterfcTcncc  at  P.  if  ilii«  difference  iu  path  i>  etiiial  to  an 
odd  number  wf  half  wavc-Icngibs,  or  if 

„    n\ 
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If  then  P  it  a  point  inch  that  PO~V3i  there  will  be  imeifrrence  through- 
uai  a  plane  i:i>,  dnum  tliriiuitb  )■  parallel  10  the  trilcctini;  surface  ;  there 
will  also  be  intCTreicni.«  thn>ii(-huul  the  plane  c'l>',  uiiich  is  a[  a  distance 
o(  X  from  an,  aitd  so  on.  'I'h'  distance  Itetu-evn  the  plants  in  which 
inteiference  occun  will  vary  with  ilie  u-att-lcn^ih  uf  the  li^lit,  beio); 
'  HluUcr  (or  violet  h^hl  than  (i>r  red  light.  The  distani.-c  between  coo- 
tecuiivc  ptanei,  even  for  red  light,  is,  io  the  ase  of  nnimal  incidence, 
MCcMlvcly  small,  bcinjc  only  3.8  x  10'*  cm,  for  the  red  (A  line). 

Tbc  fgrmaiton  of  thc^e  plane*,  over  which  intefferencc  lakes  place, 
in  the  Bei);h bout  hood  of  a  plane  mirror  hat  been  e:ilised  by  Lippmann 
in  his  excessively  beautiful  method  of  otuiining  plioto^-raplu in  nattira) 
cahmis.  If  the  front  surface  ol  the  mirror  is  coaled  uiih  a  sensitive 
]th(iti)f[raphH:  emulsion,  then  when  hght  uf  vnve-lcn^th  V  i»  incident  on 
the  mirror  the  li){ht  wilt  lie  duiroycd  in  pl.in«s  which  are  at  a  dtttance  ol 
X'.i'i,  ix'/i,  3V'. 2,  &c.,  from  the  mirror,  so  iliai  the  emulsion  will  iiot  be 
affericd  on  these  planes.  At  the  planes  At  distances  A';i|,  3AV4,  ftc.,  the 
incident  and  reflected  li).')ii  Hiren^-ibcn  eacli  other,  and  ttie  en>iilsi«n  will 
be  acted  upon,  so  thjt  oti  dcvclopntcnt  iIm  ^dvcr  of  the  etnulsioo  will 
he  radiMcd  on  iheie  ptaiies,  and  thus  a  niiml>er  of  parallel  planes  at  % , 
nnilbrm  distance  ap;in  will  be  produced  within  il>e  film. 

If  now  a  hcim  of  while  Ii^jhl  is  incident  on  ibe  developed  pUle,  I 
interval  between  each  of  the  planes  in  which  the  silver  luu  been  deposilc 
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will  act  as  a  ihin  filni  producing  intctfcmioc  in  the  manner  consfdercil 

in  %  375  b««*en  the  lislu  re(l«;tci!  (roni  luro  eoiweculi*-!!  planca  in  which 

the  silver  is  deptnttcd.     I'he   diii«rence   in  phnie  between   the   lisht 

rtrHecicd  ni  pUnc  1  (Fiji.  j6oX  nod  that  reftectcd  nt  plsne 

%  2,  will  be  e<|iul  to  iwicc  the  (lisunoe  between  ihc  pUnes. 

•^-^  Meiifc,  (.incc  llic  tlisinncc  b«we«l  (he  plane*  i»  X'.';,  ihc 

ililTtTccice  ill  ilir  paths  \\  X',  stt  tli*t,  in  ih«  caac  of  il)« 

^^        component  of  llic    in^iilcnl    white   light    which    1la^   the 

-  %,     wave'Ieiiylh    V,    the    two    leflctted    rays    combine     to 

atrenstheii  eiieh  other.      For   liflit  of  all  other  wave- 

Icngibi  the  two  tefleL-icd  rayt  will  ilifftrin  phaie,  and  will 

llierefcjrc  more  or  lc»a  interfere.     If  there  uere  only  two 

planes  the  «Heclive  tlren|[lhciiin(;  of  ihc  rrflcctcd  Ii|!hl 

of  one  wnve-lKnKlh   would  not  be  very  marked  ;  vhcn, 

'        '  huntcver,  theic  acc  hundreds  of  pUnes  placed  one  after 

FlO.  360.  the  other,  the  final  remit  is  that  piacticaUy  only  light  of 

ware-length  x'  is   reflected,  ihnt  ta,  light   of  tbc  Mine 

colour  as  that  originally  incident  on  the  senvitivc  film. 

H  then,  iiute^  of  using  hcimOKeneous  light  to  act  on  the  sensitive 
film,  light  of  ilifTerrnt  colours  in  diHiirent  part*  is  used,  such  ai  would 
be  obtained  if  the  inince  of  a  party- coloured  object  formed  by  a  1en«  U 
thrown  on  ilie  film,  then  on  development  the  silver  mill  be  so  deposited 
thati  when  the  film  is  afterwards  illuminated  by  trbitc  Itghi,  the  light 
reflected  from  dilTereiit  parts  of  the  fihn  nil)  bo  of  the  same  colour  as  the 
corrv:ipuiiditig  part  of  the  original  image,  and  hence  of  the  object,  aod 
wc  shall  thus  get  a  pliotogniph  in  nalunU  coloun. 

378.  Mlchelson's  Interference  Apparatus.— In  the  cases  of  inter- 
ference which  wr  have  hitlnzito  conildcrcd,  the  difference  in  the  length  of 
■  he  paths  of  the  interfering  waves  has  only  amounted  at  most  to  a  few 
hundred  wave-lengths.  Michebon  Iu«,  however,  obtained  interference 
when  the  paih«  dilTcrcd  by  as  much  a«  2a  cni.,  i.r.  nlKitii  4oci,ocx>  time* 
tbc  wavc'1cnj{ih.  His  apparatus  con&iMt  of  two  pamUd-fidrd  plates  of 
kIhsbi  C,  and  t;.  Fig.  ^11),  of  equal  thickness,  and  two  pUnc  mirrors, 
M,  and  Mf,  atr^tiigcd  as  vliown  in  the  figure.  The  sur^ce  of  the  gl.'VM 
plate  (ij,  which  is  turned  tuwaixh  the  mirror  m,.  ii  lightly  silvered,  so  that 
when  light  i>  incident  at  an  angle  of  45*  o'l  this  jurfacc,  half  the  light  is 
reflected  and  half  is  itansmitteU  through  the  ihin  coating  of  silver. 

If  a  parallel  beam  of  light  is  incident  on  the  plaie  n,  along  the 
direction  10,  tbe  greater  pan  uill  be  refracted  and  tiftvcrsc  the  plate. 
\Vhi:ii  this  light  meets  the  silvered  surface  h.ilf  will  he  rctlcclcd,  .ind  after 
again  traversing  the  glass  plalc  will  be  inridenl  normally  on  the  mirror 
M| ;  the  other  half  will  be  itanHniticd,  and  after  imversing  the  pUic  Gg 
will  be  incident  noriiially  on  the  mirror  m,.  The  light  which  fnlls  on  Ihc 
inirrur  M,  nill  be  reflected  back  .-ilong  its  path,  will  again  traverse  |b« 
plate  Gj,  and  will  thco  l>e  partly  rcllcrtcd  at  the  silvered  snrfecc  of  o, 
along  o'R|.     The  light  which  falls  on  the  mirror  Mt  will  be  reflected  back 
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aloni;  iis  path  and  will  tmvcrxc  the  gloss  phite  G|,  iind  part  will  be 
Irantmitietl  tliroufjl)  the  Hlvcring  and  cmrrge  .-tinng  the  path  OR^  In 
ihc  fisure  the  reflertfd  rays  are,  for  clcnincss,  shoun  dolled  and  slightly 
diiplacod  tA  one  side  of  the  incident  rays.  In  re-jlity  no  such  displace- 
ment occurs,  and  llie  two  reflected  rays  o'R,  and  o'R,  are  not  separated. 

The  two  rays  start  from  the  point  o'  in  the  same  phaiic,  and  while  one 
passes  twice  Ihrou^-h  llie  plate  r>,  and  twice  traverser  ih«  distance  bctn-een 
c,  and  M^  the  other  passes  twice  ihroui;h  the  plate  n^ '  and  twice  tnt-erses 
the  distance  between  c,  and  M,.  Hence,  if  the  ihitkness  of  the  glass 
plates  is  the  same,  the  difference  in  phase  of  the  lays  o'B,  and  O'R, 
dependa  on  the  dil&rence  in  the  lengths  of  Ibc  paths  o'M,  and  o'm^     If 


M,  m; 
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these  paths  diRer  by  an  odd  number  of  lialf  ware-lengths,  the  rays  o'R, 
and  o'B,  will  interfere. 

.Suppose  Ihut,  for  light  of  wavc-len^h  X,  inlcrferrncc  takes  place 
when  the  minor  M,  is  in  ihc  position  »hown,  and  that  by  means  of  a 
micTOtneicr  screw  this  mirror  <«n  be  moved  parallel  to  itself  into  a 
potiiKMi  >i'i,  such  that  U|M',  is  equal  to  half  a  n-ave-lengih,  the  path  of 
one  of  ihe  rays  will  l>c  mcteased  by  a  whole  uavc-lcniith,  so  thai  if 
there  was  interference  at  U,  there  will  also  be  interference  at  M'|,and  no- 
wberv  betwi'eicn.  Hrncc  by  moving  m,.  and  counting  the  number  of  times 
Ihe  iwo  rays  pniduce  interference  fur  any  given  wave-length,  we  shall  be 
able  to  determine  the  distance  through  which  we  have  moved  M,  in  terms 
of  the  waiT-lenglh  of  the  lijjht  used.  Thus  if  we  move  St,  lhrout(h  x 
cxBlimrim,  and  inierArrencc  is  prodiiceal  n  limes  in  this  distance  with 
tight  of  wave- length  \  we  shall  hjive — 

X 

Hence  counlinK  n,  and  knowiiiK  either  k  or  x,  n«  can  determine  the  otheK  - 

>  1  Im  naion  for  biienxniaf  die  plate  t^  H  (o  thai  Um  1i|;l»  rrAtiHeil  in  ihic  orin 
H) owy  haralo travme at cTMl  >  thKknaHof  j^SMasbisilrllght  leflccied  iaUcI 


By  nieuii  of  iWk  nppaiatUB  Mkhclion  hiis  mmpaml  ilie  Imj^ih  tt 
Ihr  lUefrte  c(rt  Anhnti  will>  ihc  wave  kii(;llt  of  lighl  of  ren.irn  i-nl.-uit* 
He  Hied  llw  ihrcc  cnluunsl  i\^\i  KJvtn  out  liy  culniiiiiii  ;  tid 

fotind  thai  if  Xb.  X,,  Xa  are  ilie  wnve- lengths  (if  tlie  ihrcecailm;  .. 
aif  under  iijuidard  condition,  then— 

I  metre— 1  ;;3i65^6\i 
- 19661497^ 

with  a  poutble  error  o^  a  iw  tenths  of  a  wavc-kngih.  Tin*  tncasnmncBt 
would  allow  us,  Mi{>]Kisin);  all  the  copiet  of  the  mctrt  were  destrojrcU,  ()• 
repKxIu.p  the  metre  with  a  verj-  hi(;h  dcgwe  of  accuiacj". 

379*.  Explanation  of  ihe  ReetUlnwr  Props^tlon  of  Lfffht 
on  the  Wavo  Thwry.— One  of  tlic  chief  cauin  why  ihe  waic  theuiy 
of  tight  wai  fur  a  long  time  thoti>:hi  to  he  inromxt,  <ru  the  ilifficaliy  <i 
cxplammc  wliy  light  was  pmpagntcd  in  ciialght  Knrs,  aitij  did  not,  ai 
sound  in  general  docs,  spread  oui  in  all  dirr-liniis  aftct  jMstine  ihrnuith  a 
hole  in  a  scrcpn  ;  and  »c  ate  now  in  a  pMition  to  cimsider  this  questioiL 
Lei  mm"  (Fig.  361)  bo  the  irtte  of  a  plane  wave-fiunt  at  i^hl  anklet 
to  the  paper,  and  P  a  point  at  "hicti  we  retiuirv  (o  isdailaia  the  tflfcci 

ultich  will  be  prodaced  by  the  ira*«. 
Now  we  nuy  ooiiBdrr  that  earli  of  tlic 
ether  particies  ia  tltc  wave-fTooi  mu* 
becomes  a  centre  0/  rfistuthniKe,  and  w« 
tbeo  have  to  find  what  b  tl>e  conibtnet] 
effect  of  all  these  ceniro  on  the  elber  ai 
the  point  P.  F'nMn  P  draw  pa  perpen- 
liiciiLtr  to  the  wave-front,  and  let  llic 
diitianc«  PA  be  called  >r'  Next,  with 
radii  e<txuil  to  )i*\%  rf+;X/j,  rf+jX'j, 
^  Ac,  describe  a  series  o(  c'mtn  with  P  a» 

ST  centre,  cutting'  mh'  ai  ll,c  I..  &&,  and  join 

Dp,  CP,  t>P,  ic.     Now  sinre  lip-AP  =  )i'a 
the  wavei  sent  by  the  etbrr  paiiidct  i 
A  and  (1  will  reach  P  in  nptioule  _ 
and  will  theiefoio  interfrre.     In  tbr  san^  »,iy  the  -n^t  sent  frrmi  11  and] 
c  will  inteifore,  and  soalui  the  wa*f-  ■i>m  the  partides  bciii 

A  and  H  will  itilcrfere  with  the  u-.ives  ■  >  nn  Uie  particles  b«»t 

M  and  C  Now  ibc  same  arKimtenl  will  applj'  '"  <he  v»m  cominic  fnjtn 
aU  the  juiniele*  on  the  wave-fioni  inclnded  in  a  cinlc  dcKribnl  about  A 
«■  4:cnit«,  and  with  radiu*  All  on  the^e  Itand,  and  the  partidcx  indudod 
in  ibe  aiinulu4  or  nine  h'viDK  radii  AC  and  All.  Now  thecfled  prodiic^, 
at  r*  l)y  Ibc  waves  sent  froni  all  the  pankin  in  any  lonc  will  depend  oit^ 
three  Ihitt^K,  tiainrly,  ihc  arra  of  the  n«»c,  which  nivci  ilip  nuniUir  «< 
etbtl  panicles  whkh  are  sending  waves  lo  P,  Ibc  inclmulion  tu  the 
wans-frout  Mat'  of  ilie  liuc  joining  P  10  ibe  »Nie,  and  ilie  diMaiKe  of  t> 
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from  ihe  zone.  Since  the  inclinalion  and  distance  increase  as  the  lones 
are  tuken  further  and  further  from  A,  the  magnitude  of  the  effect  pro- 
duced at  P  by  zones  having  equal  areas  will  on  this  account  gradually 
fall  ofT  Since  the  inclination  and  distance  vary  from  one  zone  to  the 
next  at  first  quite  rapidly,  but,  as  we  shall  see  later,  the  change  very 
soon  becomes  excessively  small,  it  follows  that  the  difference  belwcen 
the  cfTccls  produced  by  equal  areas  of  consecutive  zones  is  at  first  con- 
siderable, but  soon  becomes  inappreciable  as  we  get  away  from  A. 
W'c  have  ne.tl  lo  caJculale  the  areas  of  (he  successive  zones. 
i'i)=rf+>/2.     Hence       _ 

AB'  =  {rf+X/2)>-rf' 

=,i^+d\+\*i4-d' 
~d\ 

if  we  neglect  the  term  involving  >',  since  X  is  a  very  small  quantity. 

=  2d\ 


Now 


Also 


AD'-3rfX, 


and 

and  so  on. 

Hence  the  area  of  the  circle  AB  is 

ir</X. 
'I'he  area  of  the  zone  Bc  is 

■urd\  -  wd\=irdX. 
The  area  of  the  zone  CD  is 

3)rrfX  —  3iri/X  =  irrfX, 

and  so  on.     Hence  the  area  of  all  ihe  zones  is  Ihe  same. 

Now  if  the  distance  ap  or  rf  is  lo  cm.,  and  X  is  5  x  lO"*  cm.  (green 
light),  ihc  radii  of  the  zones  have  the  following  values  : — 


Zoni'. 


1 

(.\F) 

2 

(AC) 

3 

(An) 

4 

(AK) 

) 

ro 

II 

... 
loo 

lol 

Radius. 

Width  of  Zone. 

Centinictrei. 
0.012 

Cenii  metres. 

O.OZ2                   1 

0.032 

aoto 

0.039 
0.045 
0.050 

0.007 
0.006 
coo; 

0.071 
0.074 

0.003 

0.224 

0.22s 

aoot 

L 

'I'his   t.ililc   simu's  very  clearly  how  the  width  of  the  zones  diminishes 
vi'ry  <[ui<kly  at  tirsi,  and  ihcu  more  slowly,  and   how  very  narrow  the 
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Mines  brcomc  «v«n  M  a  distance  of  iwo  milliiuetn!*  from  the  point  \, 
whirli  is  ralki]  ilic  pi>lc  of  I'. 

Now  ilic  effect  produced  ai  P  by  any  gii'cn  lonc  ricpends  on  tlic  are.i 
of  the  sonc  and  on  ihc  inclinai'ton  to  the  line  Ai>  of  the  line  joining  r  lo 
the  lODO.  Tlie  labte  git-en  above  frhowa  that  for  lh«  mncs  at  quiie  a  short 
distance  from  the  pole  A  ihc  widlli  of  the  zones  is  very  small,  and  beiiee 
llie  angles  between  ihe  lines  Joining  two  adjacent  lones  to  V  and  the  line 
Ai',  ni  also  their  disuncM  from  r,  arv  praciically  the  same.  Thus, 
except  in  tlic  e.-ije  of  the  (irsi  frw  lunet,  ihe  effects  of  cnnscculive  loocs 
at  V  are  cjaci!)-  equal  and  oppo^tic,  and  lience  the  only  portion  of  the 
wave  M*r',  which  (-"ntributcs  to  the  production  of  the  disturbance  at  the 
point  r,  is  that  portion  immcdinlely  snrroundinif  the  pole  A.  Thui  if  an 
opaque  obstacle  be  placed  al  A,  s<>  as  to  cut  off  the  disiiirhanc*  coTninj; 
from,  say,  the  first  ten  lonet,  iliere  will  be  do  diuuibancc  produced  at  p, 
fisr  the  iltslurbance  coming  frnni  the  loncs,  into  which  the  rest  of  the 
¥favc  cnn  be  divided,  will  iieuttallsc  each  other  by  interference.  Tbat  i», 
an  obstacle  of  about  1.5  mm.  diameter,  if  placed  at  a,  will  cwmpletcly 
screen  p.  This  retult,  of  courte,  amounts  to  the  same  thing  as  the  recti- 
linear propagation  of  light,  for  Ihc  obstacles  employcil  «hen  con^dering 
■his  phenomenon  arc  in  general  larger  than  that  given  abov«. 

We  also  at  once  sec  why  it  is  that  in  the  ca^e  of  »ound-«-av« 
"shadows''  are  so  nidoin  formed.  Thus,  taking  the  case  of  a  tuning- 
fork  giving  the  note  C  of  $13  vibrations  per  second,  the  wave-length  in 
air  is  alK>ut  66.7  cm.  Hence  if  the  point  P  i«  at  a  distance  of  1000  tin. 
from  the  pole  A,  ibe  diameter  of  the  tenth  lone  is  a ^'oxdO-jx  1000— 
1634  cm.  In  other  word^,  the  diamcler  of  an  oh»t.iclc  lo  shot  off  the 
sound  would  have  la  be  one  and  a  half  times  iho  distance  of  p  from 
the  pole,  and,  under  tbcsc  circuin stances,  the  obliquity  of  the  disturbance 
coming  from  the  rones  would  be  so  great  as  to  make  our  investigation 
only  a  very  rough  approximation.  Thus  we  see  that  the  reason  we  do 
not  obtain  sound-shadows  is  th»t  tlie  wa>'c-1etigtb  of  t)ie  disturbance  is 
too  great  cmnpared  to  the  sire  of  the  obstacles  ordinarily  used.  Where 
the  obstacle  liappcns  to  be  very  large,  sound- shadows  are  sometimes 
ob»en*ed  :  av  for  instance,  an  intervening  hiil  has  often  proiertnl  certain 
buildings  from  the  aerial  concustion  produced  by  an  eiplo^tion,  while 
other  buildings  nt  much  greater  distances,  b\il  not  in  shadow,  have  hxd 
their  windows  broken. 

880*.  DlfrraeliOO. — To  complete  tlie  discussion  of  t>ie  production  of 
shadows  on  the  wave  theory,  we  must  now  briefly  consider  the  phenomenon 
obacrved  111  the  imnu-diatc  neighbourhood  of  the  edge  of  a  shadow,  and 
also  what  h.ippcns  when  the  siie  of  the  obstacle  i«  less  than  the  dinmcier 
of,  say,  ten  ione«,  sn  that  the  disturbance  is  not  completely  cut  off  from 
ihc  point  P  by  the  intervention  of  the  obstacle. 

We  will  lirsl  consider  the  case  of  a  parallel  Uam  of  light  which  14 
intercepted  by  an  opai|ua  object,  of  which  one  edge  is  a  straight  line. 
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Let  H  (Fig.  363)  be  llie  section  of  llic  edge  of  the  obstacle.  MM',  token 
at  right  angles  10  ibe  paper,  nnd  T  the  point  where  ibe  ilkmmaiian  it  to 
be  calculated.  If  no  obiincle  were 
present,  wc  minht  divide  itic  incident 
wave  mm'  imo  half  wsve-lenRtli  wines, 
just  as  in  Ilw  previous  section.  Lei  ibc 
amplitude  of  Ihc  vibration  which  reaches 
p  when  no  obstacle  i»  present  be  a,  so 
that  ibc  intenuty  of  the  illumination  at 
P  '»  A*  (§S  509i  3S9)-  Now,  when  ihe 
obstacle  t*  *o  plaoed  as  to  exacily  cover 
half  the  jone*,  thai  i%  when  the  r<lt;c 
pauses  through  the  pole  of  i>,  the  air>pli- 
rad*  of  the  diUuTtnni.'e  produced  M  V 
will  be  reduced  10  u  hiilf.  and  ilieiefore 
the  imeiuiiy  of  the  illumin.ilion  will  be 
a'/4,  that  is,  icduccd  to  a  quarter. 

Now  I«  Ihc  obstacle  lie  gradually  moircd  down  till  the  edge  N 
coincides  wiih  u*,  ihai  is,  lill  the  first  inne  is  coinplcicly  uncovered. 
Tbt  result  iril]  be  that  ihe  illuminaiion  at  (■  will  increase  and  become 
coniidetnlily  greater  than  A*.  The  reason  11  thai  Ihe  illuminaiion  is  A* 
when  the  »onc  n'C'  i»  also  uncoi*ered,  and  this  zone  alTccii  P  in  Ihc 
oppmitc  phaM,  and  therefore  decreases  the  disturbance  produced  by  ihc 
central  lone.  If  the  edge  is  now  lowered  to  c*  ihe  inienviy  of  ihc 
ilhimination  will  gradually  d<>creasc,  and  reach  a  minimum  value  which 
ic  leu  ihan  a*,  for  the  next  most  important  (one,  namely  c'lV.  \i  covered, 
and  ibis  would  increase  the  disiuibancc  at  r  if  it  were  in  action.  Pro- 
ceeding in  this  way.  we  see  thai  ihc  illumination  at  r  will  pa»  through 
a  nuinher  of  maxima  and  minima.  The  variation  from  the  value  a"  will, 
hou-cver,  become  less  and  lea  as  more  tones  are  nncovetcil,  and  ahen 
about  ten  tcMics  arc  uncovered,  the  illumination  will  remain  conitani  ai 
llic  value  A*. 

When  the  edge  has  uncovered  the  first  tone,  ihc  illumination  at  p 
will  be  the  same  an  that  al  a  point  P,,  where  ^^|-AI^,  before  the  edge 
v-HA  nuned  from  the  position  shown  in  the  figure.  Hence,  since  the 
illumination  at  r  when  the  edge  is  at  i^  is  greater  than  A*,  it  follows  ihai 
the  illumination  at  P„  when  the  edge  is  at  lite  point  A,  must  aUo  be 
greater  than  a'.  Thus  if  a  screen  be  placed  at  p,p,  there  will  be  a  »erie» 
of  maxima  and  minima  of  illumination  near  the  points  V^  r^  r^  &c., 
when  ihc  edge  i*  at  a. 

Next,  to  examine  the  illumination  which  wilt  be  produced  on  ihe 
portion  of  Ibe  screen  below  p.  that  is,  within  the  geonaeirical  shadow  of 
Ibe  obtiacle  m'n.  Wlien  the  edge  is  at  a.  the  illuminaiion  at  P  i»  a*'4. 
and  as  the  edge  is  moved  up  the  central  tones  are  gradually  covered, 
and  bence  the  inlensiiy  of  the  diiturbaoce  sent  to  V  gradually  falls  off 
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The  decrea«  in  ihe  illinninati«n  wiihin  lh«  gMnnclrical  sJiailow  ii  com- 

^tinooua,  that  i*,  llictc  are  no  nuxiina  and  miniiiin.     The  reason  i»  ihal. 
y.  RippoHsg  the  cdjfc  lo  oeoipy  ibe  posiiion  showa 

y  in  Fig.  J&t,  e!i«n.  ^uiriinij  from  n,  wc  may  diviilc 

I  tberenuunder  of  iIk:  wave-front  into  half-pcrind 

I  tnnct  NS,  Bc,  CP,  4c.    Of  ihese  tones,  cacb  will 

BjS.  prodiKc  n  ^renter  effect  ihiui  ihc  ncxi.  bul  aid- 

rSF^^^  jscMil  <mTs  iriil  tend  ro  P  wave*  in  opposite 

rst^^^^iv  phaw.    Thus  the  illumination  «ni  to  p  will  bc 

T    ""^^^^^^         praciically  ihc  dificrcnrc  ofihe  effccls  of  ihe  fir« 
I ^"^^^^    two  lonci,  or  at  ajiy  rate  of  Ihe  firsl  Uii«e  or 
T  P  ibur.    As  the  ditiancc  Na  is  inctcascd,  that  is, 

I  as  !■  iii   taken   (unher  and  further  in»ide  the 

M'  Fi«.  j«|.  ifeoOiCtrienl  ^hadow,  the  difference  bclwrccn  the 

effect  proiluccd  by  tlie  6r9t  i"0  lones  ■ill  de- 
rrease,  juit  as  in  ^  379  »*  found  thai  consecutive  lones,  after  about  th« 
icmh/rftm  rfc/fl/c,  had  equal  and  oppoiile  cffeciv 

Thus  the  «nvc  theory  indieaics  that  the  shadow  cast  l)y  a  sharp  edge 
when  illuminated  by  iiaiallcl  liKht,  01,  "hat  romc*  10  the  same  thing, 
light  from  a  point,  soutre,  or  narrow  slit  at  a  comidcrable  distance,  n 
not  quite  shaqx  Outside  the  itcomelrical  shadow  will  be  a  jcries  of 
liRht  and  dark  lands  ao'l  '"<'dc  the  light  will  not  ceaic  suddenly,  but 
will  fall  off  rapidly. 

The  intensity  of  the  illtiminaiion  on  11  screen  placed  at  a  disunce  of 

one  metre  from  a  diflVacting  edge,  and  illuminated  by  a  parallel  lieani  of 

I  li({ht,  ii  shown  by  means  of  a  curve  in  Fig,  365,     It  will  he  keen  that  the 
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illumination  ai  th«  edge  of  the  trcometrical  shadow  is  a  quarter  of  tbs 
illumination  at  »omc  diilancc  from  ihc  cdjie,  that  i»,  of  the  illumination 
which  would  occur  if  the  diffracting  obstacle  were  removed. 
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ir  we  hnvc  parallel  liijbt  (nlliriK  on  a  slii,  ilic^n,  a\  before,  we  may 
divide  the  inridcnl  wave  into  h.ilf  vat'c-lcnglh  mncs  with  rrfcccnce  1o  a 
[toint  P-  If  the  slii  \%  at  i>  cnnViderabtc  liistancc  (ram  llic  pole  of  I',  ii 
will  include  mnny  ioni;t,  for  at  this  distance  rrom  ihc  pole  the  lones  are 
very  nairow,  and  ihc  lolal  cITcct  oC  tlicsc  zones  oil!  be  icro.  As  the  slit  u 
ntovcd  neater  lo  ih«  pole,  the  nuuilwr  kX  tones  included  in  itie  puiiion  of 
the  wai-e  *liich  can  pji«!i  through  the  slit  decreases,  and  when  there  i* 
an  even  iiiinil>er  the  lotiw  very  nearly  neuiraliie  each  others  cfftci,  and 
there  is  a  mminiinn  of  illumination  .it  !■.  while  uhcn  the  Mit  includes  nn 
odd  number  of  tones,  the  illuininalion  in  a  niavimiim.  Tlie  ilhiminalton 
u'ill,  of  cnuTKe,  be  a  mnxiroiim  at  n  paint  inuiiediately  oppnulc  ibc  flit. 
On  ciilwr  side  will  be  («rme<l  a  number  of  allematc  durk  and  bright 
lines  the  inicnsii)'  of  the  maxima  rapidly  dccr«:asinK  as  we  go  away  from 
ttie  ceittial  lianil. 


CHAPTER  VIII 

BMISSION  ASD  ABSORPTION  OF  LIGHT 

881.  NKlureortheLlgrhteinlitedbya  Luminous  Body— Spectra. 
— In  §  368  u-e  hav«  referred  10  tlic  siH.-etrum  obtained  wlitn  sunlight  b 
posted  ihiDUtih  a  pritiin,  u-c  now  have  tu  cminine  Ihc  coDsiilution  of  the 
iiKhi  ([i\-en  <iul  by  oiber  source*. 

If  a  lolid  bcKly,  luch  a*  a  pieceaf  lime  or  of  metal,  h  heated,  it  bcgnif 
to  iflow  with  a  dull  red  colour  at  a  temperature  of  about  600*  C.,  and  if 
■he  light  emitted  it  examined  in  a  spectroscope  only  the  red  end  of  the 
spectrum  will  be  seen.  At  a  icinpcraiun  of  about  iaoo°  the  yctlow  will 
appear  as  o'ell  as  ili«  red,  while  at  about  1600%  the  solid  will  ^lom  with 
a  white  tii;ht,  and  the  speciruiti  will  stretch  fniit)  the  red  to  the  viulei. 

The  spccinirri  thus  obtained  with  a  |{1''**''")>  ^o1><l  will  differ  from 
the  solar  spcctrtim  in  that  there  nill  be  tio  dark  bands,  the  spertrtim 
bein^  continuous  fmm  one  end  lo  ihc  other. 

The  lamc  character  of  spectrum  is  n'ven  by  incandescent  fluids,  such 
as  molten  platinum. 

When,  however,  the  light  given  out  by  glowing  gases  or  vapours  is 
cxaminr^,  the  tpecinim  produced  is  of  an  entirely  <lTfrefenl  characirr. 
Thus,  if  >  »alt  of  either  of  the  meials  soidium,  calcium,  nroii- 
tium,  lithium,  &c.,  is  held  in  a  colourless  Hamc,  such  as  that 
of  3  llunseii  burner,  and  the  light  is  examined  hi  a  spectro- 
scope, the  spectrum  will  he  found  to  be  no  longer  continuous, 
but  to  consist  of  a  number  of  bnglit  lines  in  various  parts  of 
the  spcctnim.  'Hie  position  and  number  of  the>e  lines  varies 
for  the  ditTrrcni  metals,  but  docs  not  depcttd  either  on  the  salt 
of  the  metal  used  (chloride,  bromide,  sulphate,  &c.)  or  on  the 
nature  of  ihc  flame  into  which  the  salt  is  introduced,  The 
numl'tr  cf  lines  visible  with  any  given  metal  depends,  to  a 
certain  eiicnt,  on  the  tcm]«rature  of  the  flame,  but  ulilioiigh 
new  lines  may  make  their  appearance  as  the  temjierature  is 
rabcd,  the  position  of  tbc  tines  already  present  does  not  vary. 
Pic,  3fi&  I'l  the  case  of  gases,  the  spectruni  is  obtained  by  passing  the 
spark  (lom  an  induction  coil  (g  514)  through  tbc  gas  which  is 
contained  in  a  rarefied  condition  in  a  lube  of  the  shape  shown  in  Fig. 
366.  In  addition  to  line  spectra,  tinder  certain  conditions  of  pressure 
and  temperature,  the  spectra  of  some  g^scs  exhibit  b.-inds  of  lii;bt. 
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which  u-ilh  *.  small  diipcnion  are  fenprally  sharply  (MIn«<I  on  one  side. 
hut  xh.-iftc  off  (tradvinliy  im  the  other.  With  a  Uigh  dispersion,  these 
handt  nrc  seen  to  b«  compoici!  of  numerous  lines  packo)  clone  logc- 
iher.  Whrn,  however,  ihc  trmpcralurc  U  nixed,  the  bund  spectrum 
becomes  clini^^  into  at  line  specirum- 

Thc  chatadcr  of  the  lines  in  ihe  spectrum  of  «  ga*  depend*  \-ery 
much  on  the  pressure  to  which  llie  ga^  is  subjecicd.  Thus  in  the 
'tase  of  hydrogen,  at  low  prtssures,  say  below  ■  mm.  of  mcicory,  the 
[specirutn  ooosists  of  three  nnrruo*  linct,  one  in  ihc  viol«i,  one  in  the 
''blue,  and  one  in  the  red,  which  aie  jfcnenilly  indicated  by  lly,  Hf, 
and  Urn.  Af  the  pressure  is  inrreased,  Unit  the  line  Ny,  llien  //«,  and 
Anally  also  //.  becomes  wider,  *hile  under  a  pm^urc  of  about  36  em.  of 
mercury  the  spectrum  is  practically  continuous.  The  explanation  of 
lhe>c  clianii'cs,  if  we  accept  the  kinetic  theory  of  gavs,  is  compara- 
tively easy.  When  a  gas  a  under  a  low  pressure,  the  mean  free  paOi 
fl  141)  of  the  molecule*  is  sreat,  so  that  the  interval  between  successive 
impactt  of  a  molecule  with  another  is  comparatively  gicaL  Thus 
ulthniigh  durintc  ihc  impact  the  atoms  will  be  set  into  alt  kinds  of  forced 
vibrations  y<l  all  these  vibrations,  except  those  which  correspond  to 
(he  rntfumi  period  of  vibration  of  the  atouii,  will  ^ciy  rapidly  die  out, 
and  for  the  greater  p.-irt  of  the  time  the  atoms  will  be  vibrating;  in  their 
own  natural  period.  Hence,  if  wc  suppose  that  in  a  slowing  gtis  the 
ligbt  emitted  is  due  to  the  vibrations  of  the  atoms,  it  it  evident  thai 
at  low  pressures  the  gas  will  give  out  light  of  certain  deliniie  wave- 
tei^hs  corTcspondin2  to  the  natural  periods  of  the  alums-  As  the 
pressure  increases  the  mean  free  path  of  the  molecules  decreases,  and 
hence  the  impacts  become  more  frequent.  Under  these  ciicumsianccs  the 
forced  vibrations  will  begin  to  tell,  and  at  first  it  "ill  be  those  vibrations 
which  arc  nearly  of  the  same  period  as  the  natural  period  that  will  be 
must  noticeable,  so  that  the  bands  nnll  widen  out  When  the  pressure 
IS  further  increased,  the  encounters  between  the  moleculi-s  are  mi  frc- 
<|uenl  that  the  foKcd  vibrations  persist  from  one  encounter  to  the  nest, 
and  hence  vibrations  ot  all  peiiods  will  be  taking  place  in  the  diSennt 
molecules  and  A  cnntiniwus  spectrum  will  be  obtained. 

SB2.  Scrlftt  of  Sp«etr«]  Lines,— if  we  auumo  thai  the  freqcicncy 
cf  the  li^ht  tibraiions  given  out  by  a  luminous  body  la  the  same  as  the 

jUeney  of  the  vibtatroni  set  up  within  the  tnolccoles  of  lh«  substaiKv, 

are  led  to  tite  conclusion  that  the  motion  of  even  a  fputcma  mole- 
mnst  be  very  ctunpiicated,  for  the  spectrum  of  rrawt  subsLances 

ilaids  quite  a  large  number  of  bright  lines,  each  line  corresponding, 
nn  Ihc  above  hypothesis,  to  a  dilTcrenl  rnodc  of  vibration. 

AltlxHigh  at  liisl  sight  the  arranyeinenl  of  tlie  lines  in  the  spectnim 
of  a  gai  or  vapotir  appears  in  general  ipiiie  irreiiular,  yet  a  study  of 
this  tuhfect  has  shown  that  in  many  rai/^i  certain  reblions  are  found 
to  hold  between  the  frequeiKies  of  the  various  lines. 
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The  firfl  rcbiMHi  of  lliis  kind  (>bsn^'cd  is  ili<e  to  Balm«r,  who  notii'Mi 
tlul  ttiL-  nave-lengihii,  X,  uf  ihe  line^  in  tlie  hpltu);«n  specinun  Ctu  be 
repre»cmcd  with  great  accumry  by  ibe  general  expression 

)L_364S--^XIO-»CBV, 
Wr   —  4 

in  wliich  m  is  in  succeaiion  given  ilie  vutuc«  3,  4,  5,  &c.,  up  lo  16.     The 
kiiul  of  aKrecmeiii  obtained  bct«e<:ii  ibc  obMn-ed  valuva  and  tin 
atkulated  from  I)almcr')i  formula  is  riiown  in  the  following  table  :— 


n 

W.'wflmKth. 

QttoiUwiL                           Oboerml.               1 

3 
4 

I 

7 

8 

9 
10 
It 

6j6l  X  to'*  cm. 

4S60 

4J39-3 

4too.& 

3969 

38&S 

3834-4 

3796-9 

3769-6 

6;Aa;x  lo"*  cm. 

4859-8 

4340.1 

4lot.t 

383^-0 

3795-0 

3767.  S 

ilnother  cutiouit  fact  is  that  wl:cn  there  exiH*  in  the  spectrum  of 
An  element  a  doublet  01  triplet,  llint  Ik,  two  or  thrrc  lines  close  lOgCtbCT, 
there  are  nhu,  iv)  general,  a  num1>cr  of  nihcr  doubles  or  tiipleis,  and 
ibc  difference  between  the  frcquencicf  of  ilie  cmnponcnis  of  theM 
doublets  and  tiiplels  is  the  same  for  all  those  wliiL-h  otcur  in  the  spec- 
trum of  any  one  element.  'ITius,  in  the  case  of  thallium,  Kayser  and 
Runge  have  found  the  following  values  for  the  reciprocals  of  ihc  wave- 
lengths of  ihc  oompoaents  of  the  doiiblcls.  The  reciprocal  of  ihc 
WRVc-len^ib  l>elng  ptopoiiionat  to  the  fimiiicnry  of  the  vibrations  'be 
dilTerenccR  will  also  l>c  pmporlion.1I  In  the  (iiAercnocs  of  llic  frequenciet^ 


l/X 


18684.3) 
36476.6  ) 
38324.1  ( 
36"7-l  [ 
30953.1  I 
38744-8  ( 

33569-4  t 
41365.1  i 

34217-71 

430tOkl  [ 

34516.1  \ 
433" -4  1 


Dlltcrcace. 


n9>-4 
7793-0 
779'.7 
779S-7 
779«-S 
7795-J 


tA 


DUfefenee; 


35372.1  I 
43164.71 
3687921 
44671.0  [ 

37503-0  1 
45193-8 
38305,0 
46096.8 
38663.3 
464S!-4 
■39157.0 
46947-3 


7794-6 

7791.8 
7790-8 

779'« 
77891 
T79a-3 


Ahsorpthn  t>/  Light 


If  IK  plot  tlie  values  of  lA  Cor  the  lines  given  in  ihe  nbove  i.i1>!c  » 
.-ibsciuir,  as  ^hown  in  ilio  upper  line  of  Fig.  367,  where,  since  \\\t- 
Dnnimncnlf  of  the  doublets  uuiili!  be  ul  a  conxlnnt  dittsncc  npnil 
ihraugho^it,  only  one  has  been  pIollcU,  the  lines  do  not  appear  [CRuUrly 
arringcd.  If,  however,  ihe  fourth  And  sisth  lines  nrc  uiiiitted,  Ihc 
remaining  lines  can  he  nnnn^ed  in  two  serirs  .is  shown  al  B  and  t',  cacli 
of  wbi<.'h  rcieii)I>I«  the  »crics  of  lines  rcptcscntcd  by  li.ilnier's  formula, 
and  can  be  lepresenied  by  a  umiUr  formula.     The   separation  of  the 
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lines  into  two  scries  is  further  justtli«d  1>y  the  &a  that  each  doghle  line 
of  the  Cm  series  is  act-ompanicil,  on  its  inorc  refrangihlc  side,  by  « 
nifong  line  «-hidi  is  easily  lei-eneil,  while  the  lints  of  ilio  second  series 
are  not  accompanied  in  this  way.  I'he  further  <.-oniideratian  of  this 
Mibjcct  is  heyond  the  scojie  of  ibis  work,  hiii  sufficient  has  been  said  in 
indicate  ll>e  direction  in  whicli  modem  work  on  the  cUssilicalion  of  the 
lines  in  itie  h[.>c<.iia  »f  ilic  ilinVrrni  dcnieni<i  is  procrcdinK. 

38a.  Absorption  of  Light,— When  ti^hi  p.\s^**  through  a  medium, 
this  medinm  iu  Keneral  atnurln  part  of  the  ivdiaiiun,  and  the  amount  of 
tkit  nhtMrption  ii  jfencmlly  different  for  ligiil  of  different  ii3Vc-leii|[l]is, 
AT,  in  other  wordi,  nM«t  m«^ia  rxen  a  *cle<:ii»-c  nbtorpiion  on  lijihl. 

En  order  10  examine  the  chaiiKier  of  lite  al)»orpiion,  vhite  light  is 
passed  i1irou);h  the  Kivcn  Mibitant-e,  and  the  transmi<lc<l  light  is  examined 
specimscopttally.  If  then  the  substance  abiotbs  light  of  any  parlicuUr 
wnvc  Icngihs  more  sirongly  ihan  it  does  light  of  other  wavedengihs, 
Ihe  i4pcctrum  will  he  crossed  hy  dark  hands  roircsixwdinK  to  the  colours 
which  have  been  nbsorbcd.  Thus  if  a  dilute  solution  of  pemumganaie 
of  potash  is  u&ed,  the  spccinnn  is  ctounl  hy  five  d.-krk  bands  in  the  giccn, 
while  a  dilute  solution  uf  liuman  blood  produces  wtll-matkcd  absioq>tion 
bands  in  the  yellow  and  green. 

In  the  case  of  s<Jutions,  the  absorption  bands  ate  KCRcrally  (airly 
wide,  Ihe  width  incrcatini;  with  the  slirnijih  of  ll>e  solution.  When 
lighi  is  HbAOfbcd  hy  jtases  or  va|>our<,  however,  the  chaiactcr  of  the 
absorption  bands  is  very  diiTerenT,  il>e  ban<U  are  shaipty  deiinod,  nnd  in 
Keneral  conust  of  a  number  of  fine  narrow  lines  111  vmious  |>arti  of  tl 
specintm.    Thus  if  while  li);lit  from  a  ver)'  hot  body,  such  1 
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arc,  ia  passed  through  a  (lame  wliicb  is  ittongly  coluurM  xi-ll<>«'  tiy  meaiM 
of  !uxliuin,  t«x>  fine  ubnorptiun  twmls  are  foniicd  in  the  or^niKc -yellow. 
If  Ihc  wliitc  light  n  Ibtn  cat  off,  tlie  light  frucii  the  MKlium  ILimc  will 
i-e  Iwu  bright  lines,  which  occupy  exactly  the  Mnie  plnce  ns  did  the 
>ik  absorpiiiMi  lines.     We  Ihu«  see  that  the  light  abwtriied  l>y  ilie 

lium  vapour  is  of  exndly  the  umc  ir^vc-kriKth  nx  that  whkli  it  ilwlf 
>  out.  This  it  loolly  a  case  of  rc*oiuin<x,  for  the  incident  while  light 
'  contains  waves  of  all  periods  ;  of  these,  the  sodium  tnolociiJes  will  moot 
powerfully  absorb  iIiom  which  arc  (A  the  san>c  period  a«  ih«ir  own 
natural  [>CTiod9^  We  may  illusinite  this  action  by  talnog  the  case  of  a 
number  of  ship*  ut  anchor,  when  if  the  period  of  the  wuvm  happens  to 
coincide  <ritb  the  natural  mflrns  period  of  the  «hxps.  then  they  will  1>c  set 
into  violent  oscillation,  and  ilic  encrg}-  lo  net  ihcm  into  ihi«  tMcillatioit 
having  been  derived  front  the  waves,  the  n.ivei  muM  theinsctvcs  hai* 
been  aluwibcd,  parting  with  their  encr^.  Waves  of  oilier  peiiodt  wilt, 
however,  ooi  set  ilie  ships  into  such  riolcnt  oscillation,  atKl  hence  wilt 
not  be  so  stroii);ly  absorbed.  In  the  ca^c  of  the  abiiorpiion  by  ilie 
sodium  vapoui,  the  wliiie  Itghi,  coming  ai  it  does  fruin  a  suurce  at  a 
very  high  tempetiilurc,  it  vei)-  btighi,  and  the  lodium  flame  being  at 
a  much  lower  temperature,  the  sodium  vapour  abiorbi  the  light  of  the 
wave-lenglh  it  itself  emit:*.  Thu*  after  traversing  ihc  flame  all  the  con- 
stituents except  the  yellow  sodium  li^lil.  exist  in  their  original  brilliancy ; 
OiG  sodium  light,  however,  'is  only  ili.ii  due  to  the  feeble  radiation  of  the 
flame,  vi  that  by  comparison  with  the  li^ht  of  the  oilier  colours  the 
yellow  sodium  band  looks  black,  although  when  the  white  light  is  cut 
ofT,  so  thai  there  it  no  conir.-iM,  (he  sodium  line  \%  seen  to  be  realty 
bright. 

When  white  light  is  (rnnsmicted  throtigh  an  incnndciccnt  jpit,  we 
therefore  get  dark  bands  in  those  pans  of  the  spccimm  corresponding 
to  the  bright  line^  produced  Iiy  the  liylit  given  out  b>'  the  gas,  this  bdog 
a  particular  case  of  the  general  propoisiiion  that  bodies  absorb  most 
strongly  that  kind  of  vibnitory  mutiun  which  they  are  ihtmsdves  capable 
oflfiving  out,  whtthcr  it  be  u-aicr-waves  ax  in  the  caie  of  a  ship,  sound- 
waves ai  in  ilie  case  of  a  resonator,  or  light  and  heal  waves  as  in  the 
cases  just  considered  (Stokc»'  Law  or  KinrlihotTs  Law). 

884.  Reversal  of  Lines  tn  the  Solar  Speotrum.  —  We  have 
Offcrreii  in  §  368  to  the  black  Fraunhofcr  lines  in  the  solnr  spectrum, 
and  from  what  has  been  said  as  to  the  reversal  of  the  spectral  line* 
produced  by  p.i!.siiig  white  light  through  a  glowing  gas.  we  are  al  onoe 
led  to  the  explanation  of  these  lines.  The)'  arc  due.  as  was  first  poinied 
out  by  KirchholT,  to  ihc  alisorplton  of  ccruiin  jiotlions  of  ihe  light  gii-eii 
out  by  ihc  white  hot  nucleus  of  ihc  sun  during  its  passage  ihrough  Ihe 
gases  and  vapours  which  surmund  this  nucleus,  or  ihrough  the  earth's 
atmosphere. 

Since  Itie  ]>osition  of  any  one  of  Fraunhofei's  lines  in  the  specinia 
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ctancMt-i  «ii!i  ilie  position  of  a  bright  lino,  due  lo  t)ic  vajjour  uhicli 
has  attaoriicd  Ihe  liglit,  by  nirawring  tlie  wave -k'n|-l lis  of  Fiaunliofer'a 
lines  and  cumpaiinK  ihcin  wiih  th«  »*at-e-lcn);llii  of  the  btighl  Ibies 
produced  by  ilic  elenicniit  nhirh  occur  tiu  ih<r  eaitb,  nc  can  discover 
whether  lhr»c  clcmcnl*  oc<ur  in  the  siin's  aimosphcrc 

Thus  ih<r  Fraunhofcr  line  P  in  ihc  volar  spennim  really  conjist*  of 
two  lines  rlose  logcihcr  (P,  and  D^\  and  tlicM  occupy  the  tame  potitioits 
in  tlie  vprcinim  as  iwc  of  ili«  linc«  of  the  nicinl  ^odriim,  »o  thai  we  may 
infer  l)i4t  sodium  cxi^tls  in  ilie  vaporous  condilion  in  the  sun's  aimosphere. 
Until  rcccnilycertain  lines  in  ibe  solar  spcciruni  were  unknown  amoRf;st 
terrestrial  ckmcnls,  and  were  said  lo  be  due  lo  an  unknown  element, 
helium.  Thit  elcmcnl,  which  proves  lo  be  a  k-''*.  has,  howwcr,  now  been 
diM'o>er<id.  so  thai  in  thii  case  wc  may  almost  «ny  that  ihi*  clement  was 
tecoRniwrd  i*n  ilic  sun  bcfotc  it  was  known  on  the  canh. 

38fi.  Displacement  of  Spoctt^l  Lln05.•^Vc  have  seen  in  %  vfo 
ihjl  uhen  a  «ound\n^'  bo<ly  i\  cilhcr  appiejictiing  or  receding  from  an 
observer,  the  pitch  of  the  note  perceived  t»  different  from  that  |;<vcn  out 
by  ibe  sounding  body.  The  same  principle  applies  in  the  case  of  bght 
I'biu  if  a  luminous  body,  in  the  spectrum  uf  which  there  are  deRnite 
linet,V  moving  towardu  the  cib»en-cr,  ihc  wave-length  of  each  of  the 
lines  will  be  apparrnily  i-honcncd,  since  in  a  given  lime  the  obMrvcr 
will  receive  ntore  wrvm  than  he  would  if  the  luminous  body  were 
scationary.  The  eAeci  of  this  is  ihdt  the  lines  in  ihc  spccinun  will  be 
ditplacnl  towards  ihe  violel  end  i>f  the  speclmin.  In  Uic  sntiic  way,  if 
the  source  of  light  is  movmjf  away  from  the  obsen-er,  the  lines  will  be 
diq)laced  towards  the  red  end  of  the  spcctmm.  Ilencr,  by  compatiiy 
the  posilton  of  tlic  lines  in  the  spectrum  of  n  Mar  »iih  the  poMtion  of  the 
same  line*  in  the  *oUr  tpecinim,  we  CJin  determine  whether  the  distance 
between  the  e.irih  and  the  <iar  is  decreasing  or  increasing,  and  frcui  the 
eiteni  of  the  displac^r1(M;nl  of  ihe  lines  we  can  calcuUte  Ilie  velocity  with 
which  the  earth  ami  iIk  star  arv  moving  relatively  toonc  another  in  the  line 
fominjt  ihc  tiro.  ;1d  thin  way  it  has  been  found  that  Arciurut  iopproacli- 
tng  the  earth  with  a  velnriiy  of  42  milej>  per  Kccond,  while  AldciMran  it 
receding  with  a  velocity  of  45  miles  per  second. 

The  satTie  tnctho<l  has  be^n  used  by  Kcelcr  in  pim-e  that  Saiitm'a 
riogi  are  coinposeid  of  small  bodies  rotating  roiind  the  {>lanei.  An 
image  of  the  planet  a  bnned  on  the  slit  of  a  spcctroKvpe,  so  ihal  the 
diffrretit  parts  of  the  spectrum,  taken  at  right  angles  to  the  direction  of 
the  dispentof),  correspond  to  light  coniing  from  the  different  parts  of 
the  planet  olons  the  line  in  which  the  slii  nils  the  image  of  the  planet. 
If  then  the  tinc^  roiaic,  the  upeelral  lines  correspond ing  to  the  light 
from  the  t»«ends  of  a  diamcicr  of  the  rings  will  lie  displaced  in  onpo^iie 
ilirrciiirti:!,  white,  if  the  ootside  of  the  ting  nuates  faster  than  the  inside, 
the  bncs  win  not  only  l>c  displaced  as  a  whole,  bul,  since  the  amount  of 
the  displaoement  depends  on  tbe  velocity,  they  will  be  incrined.      IftlHli 


outside  of  ihc  riti^  it  roUiinj;  more  slooly  ihan  tbc  insidv,  the  line*  will 
MtU  ti«  inct'm«d,  Iwit  in  Ihe  oppo«iic  ilirc  lion.  By  ihit  meiiiod  KccIct 
ItmU  iliut  ihc  in^Kk  of  ihe  ring  is  tniattiig  bsiei  ih«i  (he  oulside.  If 
the  linK  wciG  fluid  of  Mitid,  ihe  outside  would  iiioit  bstcr  tlian  ibc 
iniidc,  wbilE,  ir  it  cuiiiitu  of  n  iwutm  uf  indepeiitkni  miIkI  '^>di«•l,  the 
ncam  oncn  o'iU  have  lo  rotiue  tti«  fuster,  or  utherwiie  ih«  CL-ntrifti|p)l 
force  would  not  be  sufficient  to  liccji  them  (rocn  falling  into  tlic  planet, 
B»  that  the  spectroscope  indicmet  that  the  latter  hypothena  U  the 
L-orrrct  one, 

386.  Anomalous  Dtsperslo&.~Wc  )>Ave  Mcn,  »h«n  ipeuldng  of 
dixpcnion  (§  369),  tlut  tlie  dispersive  power  it  not  (he  same  for  all 
»ubstan<:e*.  For  this  reason  the  spvctra  produced  byp«iimv  of  dlHerent 
ni;iicria)Kare  not  similar,  (or  the  iclatn-c  tprcadinKof  tliedrffiucni  coloun 
i«  not  the  same.  Thus  in  Fii(.  368  arc  itivcn  the  relative  poKiikma  of 
Mate  of  F'rtunhofei's  lines  for  spectra  prudured  b}'  prism»  of  dilleteal 
Mlhsianceft,  llic  dispersion  bclwncn  the  a  and  K  lincK  being  the  same  for 
nil.  The  lop  line  is  n  grating  spcarum,  which  is  added  for  the  sake  of 
compumon,  fur  here  the  spectrum  is  nomuil,  in  that  ibv  diiperaioD 
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between  any  two  rays  is  proportioniil  10  ihe  diflecuoue  betn-ecn  ihcir 
wave- let) gl hi,  io  that  the  diipetiivc  powci  for  all  ijfX'ntfs  i>  ctmstani. 

In  the  case  nlicre  the  malcrinl  of  which  ibe  pristp  is  construrlcd 
shows  marked  select) veabsor|>iion,t  he  spcrtra  obtained  arc  vcrj-abnoniuil, 
for  in  certain  cases  the  order  of  the  colours  is  altered,  so  iliat  ihetu.-  no 
longer  follow  in  the  order  of  their  wave'len^th,  while  in  other  cases  the 
Kprctrum,  instead  of  being  continuous,  is  separated  into  isolated  parts  by 
bro.-td  dnrk  bands. 

A  solution  of  ftichsine  (one  of  the  aniline  dyei)  in  alcohol  tirongly 
absorbs  ilie  sreert  lishl,  so  that  the  spectrum  formeil  by  [ransmisMOii 
tbrouKb  a  prism  of  this  tuhstanre  dow  not  contain  any  green.  Of  the 
three  colours,  red,  orange,  and  yellow,  on  one  siile  of  the  missing  green, 
the  ted  is  Icail  deviated,  nevr  the  oran);c,  and  then  the  yellow  j  thoc 
colours  following;  each  oihet  in  the  usual  otder.  The  deviation  of  the 
violet  is,  however,  quite  aboomial,  (or  lij-hi  ol  this  colour  is  ho  deviated 
Ihan  [he  ted,  being  separated  fom  this  latter  by  a  dark  band. 

In  h'ig.  369  tile  lop  line  shows  the  .-iirangcmem  of  ihc  colours,  as 
indicated  by  the  Fraunhofcr  lines,  in  the  spectrum  piodiiccd  by  a  glaia 
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prifiR,  while  ihc  scmnd  tine  thnwn  ibc  ftrtanKcmcnt  of  th«  coloun  in  ilie 
specinun  produced  by  a  pruti)  rilied  wiih  n  soliitton  <>(  ruciiKinc.  llie 
Wt  liDo  it  a  cuiic,  ^ucli  [tiai  tti«  ordiiiatcs  icpmrni  the  inicnsiiy  of 
lira  raiious  (.-oloured  ligbu  in  iliu  fuch^iiH-  spectruiii. 

Tbc  ligbl  reflecicil  irwn  n  soiuliun  of  lucbsinc  at  DOrmal  incidence  ii 
colmucd  K'^^'H  ''>ui  accounling  fbr  tlie  Absence  uf  tlie  iftccn  in  tbe 
Inuuntiiied  spectnini. 
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Kundl  baa  nude  obsetvations  on  a  number  of  bodies  which  show 
snumaloua  dtapenion,  ^uut  he  finds  ii  in  all  bodies  which  hare  whal  \a 
called  »urlJace  colour,  ix.  lbo«c  wliOM  colour,  as  seen  by  rcllectcd  light, 
U  iliflereni  Haca  that  xvn  by  iransmilted  li^lit.  As  a  re?iult  of  hi* 
eupcriniicnts,  be  found  that  if  ue  ^o  up  the  spcciruin  in  ibc  sense  of  de- 
creasing wave-tcnj^hs  (/>.  from  „ 
red  10  vioki).  U'e  deviation  is-  t  f . 
abnonnall)'  incicascd  lictow  an 
absorption  band,  aiid  diininiilie<l 
above  ibc  abuirption  band. 
Thus  in  the  caic  of  fuchiJne, 
which  hai  an  abtorplion  band 
in  the  giccn,  the  colours  red, 
piange,  and  yellow,  which  are 
below  the  band,  are  deviated 
10  an  abnormal  extent ;  and  the 
blue  and  violci,  which  are  abnve 
tbe  absorption  haiMl,  axe  Ics* 
dcxiaied  than  tbe  ikonnal.  This 
if  ihnwn  cmphically  in  Fig-  X70^  Tl»c  dotted  curve  repretenU  the 
proporlion  of  light  of  the  diffetent  wave' lent;!  hs  which  '-a  absorbed 
and  baa  a  well-marked  maximuin  in  the  jircen-  1*bi^  full-line  ciinc  ttOCb 
■Cptucnia  iba  dtrvunion  produced  b)-  a  given  pfiun  of  fuchunc.    Tha 
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/(lion-  and  red,  as  sbown  by  iW  ponion  tic  of  ilie  curve,  arc  deviaiod 
inoie  [hiiii  tlie  violi-r,  u.s  ihnwn  by  iIm:  purtion  IIA. 

SB7.  Colour  Produced  by  Absorpltoa— Wt  ha^-e  already  referral 
to  the  fad  ihiii  nim-luintniiui  boilica  are  seen  by  llie  lictii  vrhkb  they 
scatter  at  (bcir  aurioce.  The  light  it  u>iu))ir  not  only  rc6ecicd  at  the 
Mrfacc,  but  pcnctr.iics  some  depth  bclov  tbe  lurface,  trliere  U  »  reflected 
by  inequalities  in  ihc  KUlwi.irrc  of  tlic  body.  Thb  internally  lejitierrd 
light  then  reaches  the  eye,  ttflcr  traversing  a  certain  thirkncMi  of  the 
Mbflance  ;  and  hence  if  the  l>ody  ab»orl»  Any  git-en  coloured  li^-lii,  the 
reflccieJ  lijihimill  be  of  tlic  (ii>t  obtained  by  tein<xfii)gltt;h<  of  ibis  colour 
from  white  lit;ht.  'lhu»  a  tud  puppy  appean  red  because  the  petal* 
exeit  a  sironjf  selective  absorption  oa  all  ilie  colours  except  red,  fto  that 
light  which  ha«  penetrated  beneath  the  surface  of  the  petals,  and  U  then 
Kaiiercd  by  the  rcHs,  emerges  nobbed  of  all  its  colours  cxrcpi  red. 
The  fact  thni  the  Hower  al«orbs  almost  coimplciely  all  colours  except 
red  can  be  ohsen'cd  by  holding  the  dower  in  dillereitl  partt  of  tlte 
tpcaruni.  In  iho  red  it  n-ill  appear  biilliantly  red,  and  as  it  b  moved 
towards  the  green  tlie  brilliancy  will  gnulually  fade,  till,  wli«n  it  \\  in  the 
blue,  all  the  lijfhl  vrliich  nuw  falls  on  it  wilt  be  abiurbed,  so  that  none  i* 
leflcetcd  to  the  eye,  and  the  flower  will  appear  black- 
In  the  case  of  the  bodies  referred  to  in  the  previous  section  a*,  shnwinf; 
surface  colour,  light  of  a  particular  colour  seems  imahk-  to  penetrate  ai 
all,  and  is  ilivrefore  tcflccicd,  so  ihat  the  iransnttiteil  1>)^'lii  will  lie  without 
this  colour.  Such  phcnoniena  anr  shown  by  many  of  the  anihne  colours, 
and  by  some  metals,  such  as  gold  and  copper.  Thus  in  the  case  of 
gold  the  reflected  light  is  of  the  colour  ordinarily  associated  with  the 
metal ;  a  thin  film  of  jtold  is,  honrcver,  IransTMircnt,  the  iransmitted  light 
being  green. 

38S.  DistrlbuliOQ  of  Energy  in  the  Spectrum.— A  black  body 
appears  such  becaubc  it  absorbs  li|;lii  of  all  wave-lengths,  and  altliotiKh-^ 
even  lampblack  reflects  a  little  light,  yet  it  absorbs  such  a  great  pr 
portion  of  the  incident  light,  that  (or  moat  purposes  it  may  be  taken  ai'' 
abnorbing  the  whole  t>f  the  incident  light.  If,  then,  a  beam  of  tight  it 
incident  on  a  surface  coated  with  lamp-hUcIc,  the  h^ht  wilt  neither  be 
tcflccied  nor  iransmiiicd.  Tlic  energy  of  tlic  incident  lij-bt-wavca  will 
be  transferred  to  ibf  absorbing  body,  where  11  will  appear  as  heat,  so 
that  the  body  coated  witli  lamp-blaCk  will  liecume  heaicil :  and  if  n« 
measure  the  c|uaniiiy  of  heat  it  receives  in  a  given  time,  wlien  absorbing 
a  given  quantity  of  light,  the  energy  corresponding  to  ibis  incident  light 
can  be  calculated.  Hence  by  mensuring  the  heat  rercivcd  by  a  black  body 
when  placed  in  different  portions  of  a  spectrum,  the  relative  energy 
of  ilie  light  of  ihc  various  wave-lengths  present  in  the  specinim  can  be 
dctcntiined,  the  insitunicnis  used  for  this  measurement  being  the  orwa 
described  in  S  144. 

In  order  10  carry  out  this  experiment,  Langley  uses  a  rock-salt  prism 
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to  produce  the  dUprrsioR,  since  ihis  aulttlance  i»  not  onty  tnuiipaTcnt 
to  the  light  ray»,  but  also  to  hrni  rays.  In  order  lo  meaaure  tlie  energy 
in  iliflVivnt  portions  he  uses  a 
bolameler,  tlie  r«eiviii(r  surfai:*  of 
which  roiuiit*  of  a  wry  thin  and 
narrow  ttrip  of  liIackeiKKl  plati- 
num. 

The  rnnltf  obtailll^cl  in  ihecasi! 
of  the  solar  s|>eciriim  are  shown  in 
Y'S-  jl7'<  ■"  ■•h><:h  the  onlinalt« 
represent  the  energy  of  the  light 
of  tiK!  various  wave-Ienglhi,  Tlie 
pari  of  ihc  rurrc  between  a  nn<l  d 
CnrTct{K>Diis  to  the  vitihir  xpct- 
tniin.  ll  will  be  seen  from  thU 
liguie  thai  the  spectrum  exienils 
ht  below  the  utrtmiiy  of  ibo 
visible  red. 

Lang-Icy  htu  also  ohscrvefl,  by 
the  same  method,  the  md  in  lion 
from  bodies  heated  to  icmpeca- 
tur«  1>elow  that  at  which  ibey 
emit  visible  layi,  and  immc  tA  his 
rVMilli  for  blackened  copper  heated 
to  various  leiupcmure^  arc  shown  in  fig.  3^1,  together  wtih  the  solar 
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■pcctnini  for  eomparison.     Irt  this  figure  the  absrlunr  represent  ths 
deviation  produced  by  the  n)clc-s;tlt  prism,  and  not  K-nve-lcniitlu,  lu  tn.. 


Fijt-  37'-  It  "i"  •*  obiwrved  that,  at  Hie  irmp«niiiir«  of  ih«  bUdicned 
cnp^r  ii  niMMl,  raiiuitian  of  rmnlkr  and  smallrr  i>n>'c-knKth  appears  ; 
and  aiihoug;ti  the  «ncixy  rorrciiixifldin);  to  «ai:)i  wnvr^kngth  increiuet, 
Ihc  increase  h  not  (he  saiii«  for  all,  (he  maximum  ot  the  curve  beinj; 
di&placed  too-ards  the  smaller  wavc-lerif^lu. 

Since  wlurn  llie  copper  is  heuied  tu  a  suflkienitjr  high  temperature  it 
units  wUitu  light,  we  lec  tliat,  lUrting  at  a  low  temperature,  I  he  radiation 
emitted  tsafconiparativet^rK^i^al  wave-length  only,  bin  asiho  tcmpetatuie 
riMs  th(!  body  emits  tay*  of  smaller  wate-lefiKih,  till  finally  even  violet 
lij[ht  is  emitted.  We  sec,  therefore,  that  there  is  no  physical  dilVercncc, 
except  iliftt  o(  the  wttt>e-lc(^:th,  Ix-tweci^  ihc  radiation  givcti  out  by  a  hot 
kclile,  which  wc  call  radiar.i  heai,  and  iliai  t^veit  out  by  a  gas  flitmc, 
which  wc  call  Wghl.  Hence  the  arbitrary  diMinction  betirecn  hcai- 
lays  and  light-ravK,  based  on  the  fact  tliai. 'although  both  are  simply 
Mrave-motions  in  the  ether,  vx  perceive  them  with  differtnt  scnset  is 
misleading. 

The  dcpresiiims  in  ilie  energy  curie  of  the  solar  :qwctniTn  in  the  iiifrn 
red,  indicating  ns  liicy  do  ihr  partial  nhience  of  mdialion  of  certain  wave- 
tcnglhs,  show  that  even  in  this  region  there  are  dark  bands  in  the  solar 
spectrum.  These  lunds  in  the  infra  led  aie  tn  a  f-ieai  measure  due  t9 
aiisorpliou  williin  the  earth's  atmosphere. 

Not  only  does  the  solar  spectrum  extend  far  beyond  the  visible 
spectrum  in  the  ditection  of  increasing  wnvc-len^lhs,  but  it  also  exieitds 
beyond  the  liolcL  ^^'e  sliall  see  later  on  how  this  ultra-viulct  portion  of 
iha  spectrum  may  be  eutmined. 

389.  Fltiorescence.— If  a  solution  of  chlorophyll  (the  colaurinH- 
niiitier  of  srcen  plants)  is  placed  in  a  d^rk  room,  and  a  beam  of  while 
light  is  allowed  to  fall  on  it,  the  pnnioos  of  the  solution  on  which  the 
light  fini  falls  become  Itiminoiis,  emitting  in  all  diieciion^  a  red  liKht 
This  phenomenon  is  called  tluoicscencc,  the  name  bcinR  deti\ed  from  i 
fluor-spar,  a  budy  which  also  exhibits  the  phenomenon.  The  tluoiesccntv 
is  mo«t  brilliant  at  the  surface  of  incidence  ofitbe  white  li(,*ht,  the  bril- 
liancy gradually  decreasing  with  the  thickness  of  the  solution  ihrouKh 
which  the  tight  hat  passed.  The  same  phenomcnnn  is  exhibited  bj' 
paraffin  oil,  solutions  of  quinine,  and  of  some  aniline  colours,  such  a* 
eoein  (red  ink),  l^iiorcsciiie,  also  by  some  salts,  such  as  barium,  or 
potassium  platino- cyanide. 

If  a  fluorescent  body,  instead  of  l3eini;  placed  in  white  light,  is  exposed 
to  light  of  different  colouts,  it  is  found  that  the  fluorescence  only  occurs 
with  certain  kinds  of  lighl.  Thus  if  a  tcst-tnbe  containing  a  solution  of 
sulphate  of  quinine  is  held  in  different  parts  of  the  spectrum,  it  presents 
a  very  different  appearance  in  sonic  pins  from,  say,  the  same  icst-tiilie 
when  filled  with  uaier.  In  the  red  the  solution  of  quinine  looks  red,  in 
the  yellow  and  green  it  lookii  yellow  and  gtcen  tespcctivelj'.  but  in  ihe 
blue  at)d  violet  a  marked  change  is  apparent,  as  it  beeins  ">  show  the 
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pule  bkie  OuoreKcnt  colour  which  il  othilHts  in  while  l>ithL  This 
Muoreticfrnce  incrm^tv  towanla  (he  violet  end  of  the  spectrum,  and  15 
visible  ci-en  when  ihe  teit-iube  is  held  beyond  ihe  limits  of  ihe  risible 
tpectrtiDi,  w  that  the  ultra-violet  rays  are  capable  of  exciting  fluocescenco 
in  Uiii  mintanoe. 

If  a  lolulion  of  rhloropliyll  i*  Irraied  in  the  wme  way.  it  will  Iw  found 
to  jtiow  even  in  the  red  with  a  deep  icd.  As  the  solution  is  movcil  up 
Ihe  specinim,  it  continues  to  exhibit  tlie  rtd  fluotcscent  IikIh.  alihoiinh 
in  ihe  violet  the  nuoreiceiii  colour  ts  broanith,  due  10  the  prtMnce  of 
*ori>e  green  light  as  well  as  the  red. 

If  the  lighi  cmiiicd  by  n  f1ua>iesceni  body  is  examined  spectroseopi* 
CAlIy,  it  it  fouad  not  to  be  monorhroiniiiii^  hut  lomiiiain  light  of  varrnus 
colours  !  ibc  wavc-len^h  of  these  colour*  is,  however,  alwayt  greater 
than  the  wave<Ien|;ih  of  the  light  vhieh  cauees  the  fluorescence.  Tluis 
fluofcsccnt  bodies  ptnsess  the  property  of  alMOrbing  light  of  certain 
VSTC-lengihs ;  iiuinine  absorbs  inoit  of  the  u!lr;i-violct  light,  chlorophyll 
has  a  marked  absurpiion  band  in  tlie  red.  as  <>>cll  as  others  in  the  yellow, 
green,  ami  blue,  an<l  of  converting  thi»  absorbed  light  into  tight  nJ 
greater  waif-lrngih.  For  insiance,  to  the  eye  a  beam  of  sunlight  does 
not  teem  reduced  in  inlcnKily  by  paviage  through  a  niodcraie  thickness 
of  a  solution  of  quinine,  but  it  has  been  deprived  almost  entirely  uf  its 
ultra-violet  rays,  and  the  quinine  lias  converted  these  rays  into  blue  and 
violet  nys  which  are  visible  to  the  eye. 

Fluocetocnce  baa  been  used  to  map  the  solar  tpeelram  beyond  the 
violet,  for  when  the  spectrum  is  thinun  on  a  fluonncrnl  lubslancc  the 
AuorcMcnt  glow  will  appear  extending  beyond  the  violet  and  is  Iraversed 
by  dark  absorption  bands  vhich  are  similar  to  the  Fraunhofer  bands  in 
Ihe  vbiblc  p^n  of  the  spectrum. 

9IK).  Phosphorescence.— In  the  cue  of  the  fluorescent  bodies  jim 
considered,  the  emission  of  Ibc  fluorescent  light  ceiiscs  immediately  the 
iocident  light  is  cut  olf.  Sonie  subilances,  particularly  the  sulphides  of 
calcium,  U-irium,  and  strontium,  coniinuc  lo  emit  light  after  ihc  incident 
fight  has  been  cut  (M,  m>  ibat  after  expovurc  to  light  Ihcy  shine  in  the 
dark.  Thia  phenomenon  ii  called  pkt>st>hi>rti<tntf,  a  name  which  is 
rather  misleading,  siivce  ihc  glow  exhibited  b>'  phnsphoraa  is  due  10  slow 
dMOiiol  aciton,  white  iltc  glow-  of  a  phai{Aorcsc«nt  substance  is  do(  doe 
10  chemical  action,  and  is  really  fluorescence  which  persists  after  the 
source  of  iUdmioiitKHi  is  rcmured.  Phosphorescence  is  exhibited  by  a 
great  number  of  bodies,  but  in  most  cases  it  Lists  for  such  a  short  lime 
after  the  incident  light  has  been  cut  off  as  to  require  tpedal  mcaiu  for 
iu  detection. 

SSL  C«lorfl>eenc«.— The  canver*e  action  to  that  which  occurs  in  the 
case  of  rtuorescencc,  i.e.  Ihe  absorption  by  a  body  cS  radiation  of  1 
mredength  and   its  emission  .is   radiation  of  sliottcr  uavr-lcngth,  1 
called  caloresceiKc.  and  wo*  exhibited  by  TyiMlall  by  focussing  the  in 
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•nA  n-i%  fTMn  mi  electric  arc,  thr  luminous  rays  btring  raiitovcd  by  itan»* 
mistinn  ihrotigb  a  toluimn  of  kxiiiic,  on  a  »irip  oC  pUiinum  fpil,  wlien  Uie 
pUiiniim  waf  heated  lo  incaniJc^ceiicc  and  cinilicd  risible  r.-u]iation. 

892.  Chemical  Aotion.-  When  liglit  t*  nluorbcd  hj-  a  body  the 
energy  of  <he  utHorbcd  riittintion  ii  taken  ap  by  the  body,  and  wr  haic 
already  cuniidvrcd  tome  of  ihc  fomn;  tinder  whick  this  ab%or)>cd  riiei^' 
can  exin,  nnmcly.  ii  run  l>e  cnnvcrlni  into  hcnl  and  waim  the  body,  m 
it  lan  produee  by  tluiiictcencc  or  pho*|iJiorc*ccnce  liclit  of  dinc-itot 
chancier  from  llic  incideni  radiation,  and  be  nxain  ra<lij)i<^  as  a 
vibratory  motion.  Wc  liav«  now  tu  consider  .1  lliird  way  in  which  Ilic 
energy  «f  ubiorbttl  lij-ht  may  be  ii>c<l,  namely,  in  doing  cfaeinirat  ■■ork. 
Thus  a.  mixlurt  of  chlonne  iind  hydrogen  ^■xa  will  Ite^p  indcftnitdy  in 
the  (lark,  but  tu  !>onn  ta  (he  mixiute  ii  cxpowd  lo  cunlight  tiMi  two  giucs 
combine  with  explosive  violence. 

Another  well-known  case  where  light  produces  rhnnicaJ  change  is 
tlial  of  sib'cr  chloride,  which,  under  the  influence  of  light  (itinlighlX 
becomes  blackened  owing  to  the  reduction  of  the  silver.  This  prunroco- 
tion  of  chemical  change  by  light  is,  of  course,  the  cause  of  nil  photographic 
action. 

I.ighi  ofnllcolnLirsisnat  equally  active  in  promoting  chemit;at  chnnge> 
and  <n  Fig,  375  the  relative  intensity  nitb  which  light  of  dilTerent  cokxira 
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of  (he  snlnr  spectrum  act  in  promoting  chemiral  rh.inci;  is  shown  by 
means  of  a  curve.  The  exact  position  of  the  maximnin,  however,  depends 
to  a  certain  extent  on  the  nature  of  the  cheniical  chang«  produced.  The 
spccinim  must  be  produced  by  mcini  of  a  quarti  prism  and  lenses,  for 
gliiss  c»rrls  a,  powerful  alMorplion  on  the  iillra-violct  i.iy«.  It  will  be 
seen  that  the  rays  thai  arc  chiefly  cffic.icious  arc  ihoKc  in  the  cnreme 
violet  and  in  the  tilira-violct.  For  this  reason  the  ultra-violcl  rays 
are  ol^en  called  chemical  rays,  but  it  must  be  rcmemlwred  iliey  only 
differ  from  the  visible  and  beat  rays  in  their  wa»-c-lergih,  and  that 
chemical  .iciion  is  not  confined  to  these  rays,  but  is  only  more  strongly 
cxlubitud  by  ilicin  iban  by  rays  of  greater  wa\-e-lcngth. 
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393.  Extest  Of  tiie  Light  and  Heat  Spectruin.-'It  is  of  aoine 
intereii  lo  briefly  collect  it  fcw  tbta  as  lo  ihc  raniic  of  «ave- lengths  which 
have  been  meaiurtti  in  th«  cak  of  li^hl  or  licni  mdialion. 

In  the  followinj;  tnbtc  ihc  .ipproxinutte  watc-letigilis  of*  few  interctM* 
ing  kinds  of  nulUtion  an;  givt-n  :— 

Cm. 

linutlnt  wave-lcD^iih  meamrci) ooooi 

Maximum  of  chcntical  action  in  sdar  spectrum-    Ex- 

Iremity  of  visible  spcctnuii .00004 

i>liiHi .O0COJ9 

Eximnity  of  visible  specirum xoao7 

Maximtim  encq^-  in  solar  specinini     ....    .00008 

ijUKcot  wai-e-lcngth  iiica^urcd .0035 

Stnallcsi  mrasurcd  clcciricul  oscillation  (J  $8i)    .        .    .6 

803*.  SadIO' Active  Substances.— Shnnly  after  Ronisen's  discovery 
of  iIk-  i;iy-i  called  aflct  his  n.^iuc  (.*  564),  Becquerel  dUcovcrtd  that  salts 
of  uranium  emit  invisible  ladialions  which  have  many  of  ihc  properties 
of  KcintKen  riys.  Thus  (bcsc  uranium  rays  are  able  lo  dischaif,'e  an 
elccirilicd  body,  and  to  alTcci  n  phciiographic  plaic  ei-ca  when  wood  and 
certain  other  sulnuncrs  JnieTvcnc.  This  property,  which  is  geneially 
nPed  radio-activity,  M«mi  to  be  possessed  by  all  the  compounds  of 
uranium,  e^■co  thotie  which  do  noi  exhibit  lluoresence. 

Other  stilntanrcs  Iieiidcs  salts  of  uranium  have  been  (bund  lo 
poiSMS  r:idio-acti\iiy.  In  particular,  Madame  Curie  hns  found  two 
const  it  lien  rs  of  the  mineral  pitchblende,  which  she  has  called  Poloniimi 
and  Radium,  which  enhibit  this  property  in  a  most  sttiprising  (!cKm> 
being  many  ihoiisaiul  times  more  active  ifaan  uranium.  A  further 
extraordinary  property  of  iliese  In-o  sulntance!i  is  iheir  power  of  co«n- 
imtnicaliog  their  railio-activc  power  to  other  bodies  which  have  been 
exposed  to  their  rayt.  Radio-active  bodies  continue  to  give  out  these 
ray*  even  when  lliey  have  been  Vcpt  in  the  dark  for  three  ycnrs,  and  tt  is 
a<|ue>tion  of  verj- great  intcreM  as  to  where  the  enetgy  correspond  injt 
lo  the  ra>-s  which  sueh  bodies  arc  continually  sending  oui  is  derived 
No  very  salis/aclory  answer  has  yet  hc4.-n  given.  It  has  b«cn  Suggesltd 
ihat  some  kind  of  rays,  of  which  we  as  yet  know  nolhir)|t.  pervade  all 
space  and  can  traverse  most  forms  of  mailer,  and  these  arc  ahaorbed  b)- 
tlie  radio-active  suIutaiKe  which  emits  Ibcm  in  a  changed  form  by  an 
action  similar  to  Aiiorescence.  Another  ibcorj-  is  thai  the  rays  tescmWc 
knibode  rays,  and  <'onsist  of  particles  shot  oui  from  (he  aciive  substance. 
The  qu.intity  of  matter  which  «ould  hasv  10  be  tost  dirring  the  course  of 
a  year  or  so  lo  account  (or  tlte  intensity  of  the  rays  oliservtd  tiould  be 
qtiile  insignibcanL  Neiiber  hypothesis  has  received  any  direct  proof, 
and  we  must  eonleot  ourscb-cs  oith  the  abore  brief  reference  10  this 
most  inlcresiiag  braiKh  of  modern  experimenta]  phj-sict. 


CHAPTER  IX 

COLOUR  SENSATIONS 

394>.  Sensations  produced  by  Llgrht.— We  haw  up  to  the  pres< 
considered  the  suhieot  of  lighl  in  its  objective  aspect  only,  and  musl  ai 
proi'eeil  to  eiaimine  the  sitbjecti\'e  sensations  produced  «'hen  light-vai 
of  various  kinds  enter  ihe  e)"e.  When  dealing  with  the  subfcct 
audition,  n-e  saw  that  the  nature  of  the  sensation  produced  depends  i 
the  intensity,  the  frn|uency,  and  the  timbre  of  the  nolb  The  timbi 
however,  i$  realiy  included  in  ihe  first  two,  for  it  depends  on  the  fi 
quency  and  intensity  of  the  various  simple  tones  which  build  up  tl 
note.  In  the  same  way.  the  sensation  experienced  when  lijjht  enters  il 
eye  depends  on  the  freqtiency  and  inlensityof  the  various  simple  coloun 
li^'hts  whiL-h  build  up  the  resultant  colour.  As  we  shall,  however,  fio 
[he  eye  possesses  much  less  analysing  power  than  the  ear,  for  while  tl 
ear  which  receives  a  note  of  given  composition  can  always  distingui: 
any  other  note  of  uhich  ihe  composition  is  different,  this  is  not  the  ca: 
with  the  eye.  Thus  by  iillowin};  light  of  only  three  selected  frequencii 
to  enter  the  eye.  a  sensation  is  produced  which  is  quite  undistinguishab 
from  ihc  sensation  priKluced  when  white  light  enters  the  eye,  althou);! 
as  "c  have  seen,  white  lij,'ht  consists  of  light  of  all  frequendes  betwee 
very  considerable  limits.  Thus  while  in  acoustics  like  sensations  ai 
produced  by  like  causes,  in  optics  this  is  not  necessarily  true,  and  th 
sanie  sens;itiiin  may  lie  produced  by  entirely  different  causes. 

895.  Colour  Constants.— We  shall  in  the  following  pages  use  ih 
word  folmir  in  a  r.itber  different  scnac  to  that  hitherto  employed.  I" 
to  now,  by  the  colour  of  light  we  have  meant  the  frequency  of  the  ethe 
vibrations,  ami  so  have  used  it  in  the  scn>e  of  pitch  in  acoustics.  No* 
however,  we  shall  use  the  word  colour  to  designate  the  sensation  pre 
dured  in  ihc  eye,  although  where  confusion  is  likely  to  occur  th 
cxpressiim  lolpiir  sitisiition  will  be  empliiycd. 

As  we  shall  see  later,  Ihc  colour  sensation  produced  in  difTeren 
persons  by  the  same  quality  of  \\f,\\t  may  vary  considerably,  and  so  w 
have  to  consider  the  sensation  which  is  felt  by  Ihe  majority  of  people ;  ii 
other  word^,  we  shall  deal  with  the  normal  eye. 

In  order  to  specify  a  colour  it  is  necessary  to  know  three  things  abCTJ 
it.  In  the  first  place,  we  require  to  know  the  frequency  of  the  varion 
vibratory  motions  which  constitute  the  lijthl  which  enters  the  ej'c,  or,  a 
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vi  sometitnei  callnl,  the  hue  of  ihir  I'lRh),    In  ihe  sfHroml  plorc,  we 

reqaite  (o  l:iu>w  ilie  brtKhtnevs  or  himinoiit)-  of  the  <x>lour.     In  the  third 

place,  we  require  to  knuv*  nbeiher  the  lixhi  rnnudcrvd  is  mix«(I  vriih 

any  white  light,  and  if  *o,  to  whnt  extent.    lf»  light  is  free  from  »dniix«! 

»hitc  light  it  is  wid  lo  be  pure.     Thos  by  allowing  nionwbmtnaiie 

'•light  lo  (nil  on  a  white  card,  the  Mnsatiun  i*  thai  of  ofance-ycllow  and 

be  colour  is  pure.     tC  howtrer,  the  card  i:i  sitnultaneouily  illuminaied 

while  light,  ilie  leiuation  prtKluced  is  altered  and  tlw  colour  is  no 

onjirr  pttre. 

Luminosity.—  In  onkr  to  be  able  to  meAKore  the  luminosity  of 

ur,  «'«  mii:;l  h.ivc  a  standard  or  unit  of  luminosity.     Two  ca^ef  h.lve 

con^idctFd,  namciy,  when  we  arc  dealing  with  the  hiraiiMniiiM  of 

dlRerent  coloured  Uglithand  when  or  are  dealing  with  the  )uTiiino»ltie«  of 

;he  colour?  seen  when  (titTeient  pigmenii  xre  liluminaied  by  white  light. 

When  dealing  with  lights  of  difHerent  colmiri,  the  unit  laken  ti  loine 

llie  white  light  produced  by  ihc  Mmrce  which  11  employed  to  give  the 

3loure<l  light.     In  the  case  of  pigments,  the  unit  i«  the  lumino«ity  of  3 

irhiie  surface  which  iti  ilhuninaled  by  ilie  luune  light  »*  that  wluch  fatU 

I  the  pigmenL 

As  x  Kiurce  of  white  Iif:hi  whidi  may  be  employed  in  colotir  measuie- 

y      menis,  Captain   Ab' 

ney  h.-is  found    that 

.      the  light  given  by  the 

^■fcrnter  of  the  electric 

^fcc  {%  496)  is  by  far 

^Hie  most  Meady  and 

^Hnifutnt    in    quality. 

I'he  aimngemetit  he 

has  employed  in  liis 

experiments  on  colour 

^^tt  shown  in  plan  in 

^^f  the  cniLT  of  an 
arc,  K,  i<i  thrown,  by 
ans  of  a  kn«,  L,, 
(he  stit  of  a  colli- 
itor.    The  parallel 
of  lighi    thus 
Juced  falls  on  ihe 
tnns    P,    and     p^ 
nd  is  thus  split  Drpk 
be  difTerctit  cototired 
rayi    T>eing    Imxight 
10  a  focm  In-  the  leni 
1,  between  v  and  R.     If  s  screen  bptand 
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lomeA  on  it  If  the  Krt«n  is  nut  tbcic.  ihr-  Irns  L,  will  cause  ihe  fii^ 
ofxtJ  lh«  vanous  colouit  lu  be  superposed  oicr  a  small  pairli  on  »  Krtm 
al  B,  and  ui  «ill  lejKXKluce  white  light.  1(  however,  tliere  is  a  Kteen  at  t 
in  which  there  are  oae  oi  loon:  stits  of  nliich  tlie  po&itMHui  can  be  I'sried. 
then  it  it  only  the  light  of  lite  wavc-IeiiKlIu  corresponding  1o  ihc  patjtiiioi 
of  these  slits  in  the  ipccirum  which  mil  be  thronn  l>y  the  leas  l,  twi  iIk 
patch  u.  Hence  by  vatying  the  potilions  and  liics  of  these  slit*,  diflcieni 
cotonr  mixture!  caii  be  obtained.  Some  of  ibc  while  light  is  rcflectol 
frwii  ibc  (im  priun  along;  K,  and  by  nw.ins  of  a  lens  and  a  mirtnr  thit 
light  is  vauMd  to  foitii  a  whiiir  patch  on  ilie  scicen  at  C,  and  this  acts  m 
a  rderence  white  when  ineatUTing  lumino^iiics.  Tbr  intensity  of  t)tc 
white  ligbl  <^i>  be  reduced  by  nitiant  of  a  iiel  of  rotating  sectort  |>laeFil 
at  !>,  which  are  w  armnged  that  the  proportion  of  opaque  sector  to 
tnut^Mtent  acdor  can  be  adjusted  while  the  insinuDeni  is  rotating. 


t'lU  375. 

In  order  to  determine  the  luminosity  of  the  different  parts  of  the  arc- 
Ugh!  spectrum  a  stni^lc  slit  is  employed,  sn  that  the  patch  b  is  illuminated 
by  light  of  one  wave-lengih,  and  the  intensity  of  the  white  light  ii  varied 
till  the  two  patches  appear  of  equal  brightness.  Ily  making  this  com- 
parison all  alon^  the  spcctnim,  and  plotting  the  luminosities  obtained  at 
ordinaies.  Abney  has  obtained  the  eur\'C  shown  in  Fig.  375.  The  fuU- 
iine  curve  represents  the  imnino^ily  for  a  noniial  e)'e,  and  it  will  be  seen 
that  there  is  a  very  marked  maximum  in  the  yellow,  and  that  the 
luminosity  of  the  y'lahx  end  of  the  spectrum  is  ver^-  small.  The  dotted 
curve  represents  the  luminosity  as  measured  by  a  red  colotir-bUnd 
obwrver,  and  we  shall  return  to  this  subject  later. 

If  the  Ituninosity  of  two  coloui^d  lights  is  measured  separately  by 
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placinn  n  slii  at  the  apprapriAic  pincc  in  the  xpccirutn,  and  then  Iwu  slii^ 
arc  pt.'u^  so  3«  to  Allow  light  of  llie  two  cn1oiii«  li>  &II  on  th«  icrt^ii 
umiiluncoutty,  nnd  the  Imniiiosil;'  of  ihc  l«'o  comhinpii  measuretl,  it  is 
round  to  be  equal  to  ihc  sum  nf  tlie  iuinino^ilic*  of  the  two  teparuie 
coinponenis.  The  sanw  r«iull  is  obiainwl  with  ihrce  or  more  different 
colouieil  ligbts,  to  thai  the  luminosity  of  »uch  coloured  lightt  \s 
addiiit-c. 

In  order  ro  measure  ihe  luminosity  of  the  light  reflected  fron»  various 
pij^ents,  ihc  amtnj-cnicnt  shown  in  Fij;.  376  i»  cinployed.  The  central 
portion,  A,  is  covered  with  the  pigment,  and 
the  proponion  of  the  black  and  wtiiic 
sectnr*  c  and  B  can  be  varied  by  slipping 
nne  over  the  other.  This  card  it  (nounied 
on  an  B.vie  and  rapidly  rotated,  and  the 
width  of  ilic  white  sector*  is  alicrsd  till, 
when  iMmninuted  with  any  ^ven  cnloured 
li^ilit.  the  liiminoiily  of  the  whole  difc 
appe^in  tlie  same.  Tlie  ratio  of  the  while 
•ectort  to  the  irhole  circle  then  gives  the 
faiminotity  of  ibc  pigment  when  illuminated  by  the  given  coloured 
light 

897.  Colour  Mixtures.— 1'he  apparatus  shown  in  Fig.  374  can  be 
owd  for  studyin;;  the  colour  sensation  produced  by  mixing  light  of 
rariou*  wai'e-lengilis.  For  by  placing  slits  in  various  parts  of  the 
spectrum  the  patch  n  will  be  illuminated  by  the  mixture  of  the  colours 
oormponding  to  Ihe  positions  of  the  slits.  It  is  found  thai,  if  the  posi- 
limM  of  ihree  slits  be  suitably  chosen,  any  colour  whatever  ran  be 
tnatclicd  h^-  the  mixttire  of  lixht  of  these  three  wavc-IcRt;ihs  taken  in 
various  proponioni. 

The  three  primary  colours,  by  intxin);  which  all  the  various  colour 
scnsatiinis  can  he  uhiained,  are  violet  near  the  Fraunhofer  line  u,  green 
between  E  and  F,  and  red  bet*«cn  b  and  C. 

If  the  intensities  of  the  three  priin.nries  taken  are  riolet  250,  green 
ao3,  and  red  xixx,  the  mixture  produces  the  same  sensation  as  white  tight 
siratKhl  from  ll>e  arc. 

308.  Th«  Yotinsr-Holmholtz  Th«ory  of  Colour.-Frora  the  fact 
that  any  colour  sensation  could  he  produced  by  the  mixture,  in  suitable 
proportions,  of  light  of  three  tpven  wnvc'lenfrihs,  Thomas  VuunK  was  led 
to  suppose  thai  there  eniiied  three  primary  colour  Mnsatioiis,  and 
ilelniholti  has  supposed  that  the  reason  fur  this  is  iliat  the  eye  is 
fiimished  with  three  sets  of  ner\-es.  one  set  which,  when  excited,  gives  the 
lensstiun  ol  red,  another  of  green,  and  the  third  of  violet.  When  more 
than  one  set  of  nerves  is  excited,  then  a  mixed  sensation  is  ptixluccd,  iho 
character  of  which  ilcpcnds  on  llic  degree  In  which  each  set  of  nervu 
bak  been  excited. 
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Arcordini!  Xo  the  Yuuitg-Hclinhattx  Ihcary  vf  viiion  it  ti  supposed 
thai  «A(>i  »ct  of  nertx:!,  the  red  sty,  tratiMiiili  the  scnution  ot  red  to  the 
br.iin,  H  luii-t-cr  the  manner  in  whi<'.h  ibcy  mayluve  been  Kiimulmcsl.  Thui 
the  ted  ii«rvc!i  mv  aflectcd  nol  only  by  ted  liK)it  but  alto,  lo  a  om.illrr 
extent,  by  bt{b(  of  other  w-av«-leiit>'lhs ;  the  iinpicKMon  produced  on  lh« 
brain  it,  Imiwcvct,  atn-ayt  lluti  ul  red  light. 

Il  )m«  litxn  found  pauible,  by  studying  ilie  Ltilour  lenxation*  of 
iMTinal-eyed  and  of  coloui-blind  penons  to  draw  ibree  cuncs  showing 
the  seiiulit-encss  of  the  three  primiiiy  setx  of  nerves  to  stimiilatioa  by 
light  irf  diffcrunt  wavc-)cn)(th&.     Such  n  nltvc  i»  shown  in  Fig.  377,  and 

was  obtained  by  Koeaiy. 
It  will  be  seen  frotii  this 
curve  (hat  tlie  sciiMtian 
of  red  can  be  siimutaied 
by  ItKht  of  all  na^-e- 
Icnglhi,  35  is  also  very 
nearly  the  case  ritli 
the  jjTeen  nerves-  The 
violet  nerves,  hoi>«ver, 
arc  not  at  all  aifcctcd 
by  the  ted  end  of  the 
spectrum. 

The  nliove  theory  u  to  throe  set*  of  colour  nerves  account)  iaiis- 
fnc^iorily  fur  the  abnormal  colour  tensaiioni  of  colour-blind  pcrwof. 
Tbua  a  colour-blind  pcrKtn  is  one  in  which  one  (very  rarely  two]  of  ilie 
MIS  of  colour  nervei  is  miuing.  Thui  a  ted  cUour-bhnd  person  is  one 
in  which  Ihc  red  nerves  nrc  iniensitiv-c.  Mcnce  such  a  person  will  only 
possess  the  violet  and  gnea  scniatians,  .-iii<l  il  will  at  once  be  pcrcnved 
why  the  liiininosity  curve  (fig.  375)  obtained  by  such  an  observer  falli  so 
much  below  the  nomial  at  the  red  end  of  the  spectrum,  for  there  the 
green  and  violet  scflsaiions  arc  very  weak. 

In  the  cate  of  a  green  cuteur-blind  person,  the  green  sensation  is 
absent,  and  huncc  the  curi-cs  in  Fig.  377  shiiw  that  for  blue  light,  about 
half-way  between  V.  and  ¥,  the  two  remnininj;  sensations  are  oqually 
stimulated.  Now  equal  (limulalinn  of  nil  three  sensations  corresponds, 
in  the  normal  eye,  \a  while,  nud  \n  the  Krccn  colour-blind,  to  the  same 
way,  equal  siimulalitin  of  the  violet  and  red  sensations  also  comsponds 
to  llie  seasaiiou  produced  by  white.  Hence  when  blue  light  enters 
the  eye  of  a  green  culout^bliiid  person  Ihc  impression  produreil  is  the 
same  as  that  produced  by  white  li^hl.  This  fact  is  brouifhi  out  very 
clearly  if  such  a  cul mi r- blind  penim  is  shon  n  n  spectrum,  for  he  will  say 
tb«l  h«  sc«s  red  at  one  end  and  violet  at  the  other,  with  a  white  bund 
betwMD, 

SW.  ComplementaiY  Colours.— Two  coloun  nre^aid  tobecomple- 
ment.tiy  when,  if  combined,  lliey  produce  the  sensation  of  whiter 
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The  comp)«meniary  colours  of  ilic  spctirum  colours  can  be  obuinnd 
by  stopping  \\\c  liyhl  of  any  (jiven  wavc-lengih  by  niCAnt  of  an  opaitiic 
rod  an<l  alluwiii),'  lite  ivniAinia^'  colours  to  be  cnmUncd  \>y  the  icii'i 
Lj  (I'S-  374)  "n  the  screen  al  is.  Tlieii  il>e  colour  seen  at  u  will  be  ilic 
coroplcmcnuiry  of  that  whkb  is  removed  (rum  (he  spectruiit  by  ihe 
inierposition  of  tlic  rod. 

Since  no!  only  all  ihe  i^cirum  colours,  but  also  the  tlirce 
primary  colours  inkcn  in  ihcir  proper  proponions,  produce  the  Kiisa- 
tion  of  >rliite,  if  one  of  ibc  slits  is  clostd  the  colour  produced  by  ihe 
mixture  of  ihc  remaining  two  will  be  comptemcniary  to  ihe  niistiu)j 
colour. 

It  is  not  necessary  that  either  of  the  two  completneiiiaiies  should  lie  a 
campound  colour,  for  if  a  \\\i  be  placed  in  the  blue  near  F,  and  ni>»ihrr 
in  ihe  yellow  bctntcn  i>  and  c,  ihe  mixiure  of  the  two  simple  colours 
imnsmilled  will  produrc  ihc  sensation  of  while,  and  hence  these  two 
colours  arc  complementary.  The  reason  for  the  production  of  tlie  sensa- 
tion of  white  by  the  mixture  of  the  abo>«  two  colours  can  be  seen  by  a 
stuily  of  the  cut^-es  in  V\g.  577.  For  it  will  be  seen  that  the  sum  of  ibc 
ordinatei  of  the  red  and  green  curves,  where  cut  by  the  doited  lines 
r,  1,1,  3  and  4,  5, 6,  arc  each  equal  to  the  ordinate,  F3,  of  the  violet  cuivc 
Hence  the  combined  effect  of  these  nn'o  lights  is  to  excite  all  three 
ptitnary  lensaiions  (o  an  equal  cjcteni,  tbai  is,  to  produce  the  lensalion 
of  while. 

Although  a  mixture  of  blue  and  yellow  Unht  produces  the  sensation 
of  while,  it  is  oiberwise  if  wc  mis  blue  and  yellow  pigments,  for  in  this 
caw  the  result  is  a  jHtrmenl  which,  when  illuminated  by  white  light, 
produces  the  sensation  of  green.  The  reason  for  this  is  that  in  the  case 
of  pigments  the  tight  which  reaches  the  eye  is  while  liifhi  which  bas 
been  deprived  of  loine  of  its  components  by  absorption  within  ihc  pif^- 
tncnt.  Thus  a  blue  piKment  will  absorb  all  the  colours  except  the  blue 
and  green,  while  a  yellow  pi^nenl  will  absorb  all  but  the  red,  yellow, 
and  green.  Now  suppose  we  have  a  mixture  of  fine  yellow  and  blue 
ptt^nent  particles  illuminated  by  white  light,  the  t>)ue  panicles  will 
absorb  all  tbe  components  of  (he  white  li^-hi  except  tlic  blue  and  (.Teen, 
but  will  transmit  these  two  colours.  The  )'«llow  panicles  will  absorl> 
Ihe  bloc  but  will  also  iransmit  the  {;rccn.  Thus  all  (he  components  of 
the  whi(e  li^ht  will  be  absorbed,  liy  one  or  other  of  llie  tno  kiiMls  of 
particles,  cscept  the  green,  and  hence  all  (he  lishi  whicli  is  tmnsmitied 
or  reflected  from  the  pigment  will  be  (crcen.  The  (ruth  of  this  explaisa- 
lion  can  he  pixivcd  by  painting  a  card  with  yellow  pgjpneni  and  IwMinf 
a  be-im  of  light  nhich  lias  pas^^l  through  a  blue  solution,     illue 

I  green  light  will  now  fall  on  the  yellow  pigment,  aod  of  this  lite  bloc 
will  be  abM>rl>ed  and  tile  green  will  be  reflctied,  io  that  the  card  appears 
KTcen.  In  the  same  way  a  card  pnintcfl  blue,  when  illuminated  by  light 
obtained  by  pasting  white  light  through  a  ydlow  soltumn,  will  also 
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appear  green,  for  of  the  incident  yellow  and  green  light  the  yellow  irill 
be  abuirbed  by  the  pigment. 

Experiments  with  pigments  led  to  the  conclusion  that  red,  yellow, 
and  blue  were  the  three  pHmary  colours,  for  the  red  pigment  will  absorb 
the  green  which  is  transmitted  by  the  other  two,  and  $0  a  neutral  tint 
is  produced.  Thus  when  using  pigments  to  examine  the  phenomena  of 
colour  great  care  must  be  taken,  for  in  no  case  are  pigment  colours,  even 
approximately,  monochromatic  ;  and  it  must  alwa,yi  be  remembered  that 
the  colour  of  a  pigment  is  obtained  by  the  absorption  of  light  of  certain 
wave-lengths  from  the  incident  lighL 


CHAPTER  X 
POLARISATIOS  AND  DOUBLE  REPRACTtON 

400.  ligrht  transmuted  by  Tourmaline— Potartsatlon.— We  bar« 
suppoicd  itutfliKht  is  Anc  lo  a  w;)vc-n)0l)i>n  in  the  elhcr,Jbut  hairc  not 
!«(  conadcrca  whether  titc  wavcf  urc  longitudinal,  such  as  »  the  cue 
with  MHincI-waves,  or  Mn  iranivene,  iV.  whctlicr  tlie  displacement, 
ifliaterer  its  nature  may  be.  which  catuei  the  si-nsation  of  lii;ht  (and 
ahOt  of  CMine,  of  ladianl  heal)  take^  place  normally  to  (he  wave-front 
or  parnttel  lo  the  u-avc-fronL  Thii  ijuciilon  can  he  nnin-cred  at  once 
by  mcani  of  an  cxprrimcnt  made  wish  two  cry»taU  of  tniirmalinc. 

If  we  take  a  tlice  of  a  cryMal  of  tnurmiJine  cut  par>illel  to  the 
crysUtlloi^raphic  anis,  and  pass  a  ray  of  W^hx  through  it,  part  of  the 
Bghl  will  pass  throogh,  and  wit],  with  most  specimens  of  tourmaline, 
be  coloured  greenish  owinc  to  selective  afasorpiian  within  the  crystal, 
Mberwise  to  the  eye  the  character  of  the  lighi  appears  uiuhcred,  and 
remains  of  the  *ame  iniensliy  if  the  tourmaline  plate  Is  rotated.  If  the 
Bghl  which  ha*  passed  thn>UKh  one  lounnaline  plate  is  allowed  U>  fall 
on  an»i)ier,  placed  «'ith  its  axis  parallel  to  the  lir»I,  the  light  ui'l  paia 
through  the  two ;  the  only  vtf'ible  eflcci  will  be  to  tlightly  darken  (he 
greeniili  lini.  the  intensity  being  »try  slightly  diminished  by  the  tecond 
plate.  [(.  bou-erer,  the  secoiwl  ptaie  is  gnidually  rotated  round  an  axia 
parallel  lo  the  tight,  so  ihnt  the  axes  of  the  two  crystaU  are  inclined  at  a 
finite  angle  to  one  anoliier,  the  intensity  of  the  transmitted  light  will 
gradually  diminish,  till,  ithcn  the  axes  are  at  rijiht  anji^cs,  nnne  of  the 
light  which  has  passed  through  the  fatx.  plate  will  pass  (hrou|ch  ihe 
second. 

Hence  the  light  which  haa  passed  through  a  plate  of  (ourmalino  has 
acqaiicd  properiiei  which  it  (lid  not  before  poMCsa,  in  lliat  it  can  no 
longer  puu  through  a  second  plate  of  lliat  subatance  when  this  plat*  b 
ttimed  so  that  in  axis  is  perpendicular  to  the  axis  of  (be  tint  pUte. 

In  order  (o  see  (o  what  conclnsioos  this  experiment  leads,  lei  is 
cnnslder  an  analngout  prolilcro.  If  we  have  a  sltcirhcd  strins,  we  hare 
seen  that  tt  is  capable  of  two  distinct  modes  of  vibration,  namely, 
a  longitudiiul  vibration,  in  which  the  panicles  of  the  string  mova 
backwards  and  forwards  in  the  direction  of  the  lengtli  of  ibe  string,  and 
a  transverse  vibration,  in  which  tlte  punicles  move  in  planet  perpendicular 
In  the  length  of  the  string,     lo  the  case  of  the  string  vibrating  longl-' 
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tudiiuitly,  tlie  uppeanncc  uf  tlt«  string  U  tlic  same  on  all  sides,  Lt.  '* 
rcnuiint  strelchcd  jttaisUl  bclvrccn  its  extrtinilie*.  When  il  is  vibnting 
Irantvcrscly,  ho«'r>-cr,  its  appearance  U  ocdinarily  difTprent  nn  diflerrnt 
»idcs,  *inc«  it  vibrate*  in  a  sinjfle  plane.  Hence  a  ilring  vibnilin; 
matiVKtwAy  1ms  definite  »iilcs,  ko  tliai,  to  define  it'  motion  with  reference 
to  the  surrounding  medium,  wc  must  state  the  pUne,  passing  tlunuigh 
Khc  uniliiturbed  posiiion  of  tlie  siriii);,  in  which  the  vibrauon  takes  p1a:ce. 
Another  kind  o(  transverse  vibration  or  which  a  string  is  capial>le  ii  thai 
in  which  e^ch  panicle  detcribe«  a  circle  in  a  plane  at  right  anjileji  to  the 
undiiiitirbcd  pmiiion  of  ihc  strinj;.  Siippotr,  then,  that  we  c;iusc  a  string 
to  vibrate  in  ihi«  manner  by  attaching  one  end  to  n  hook  fixed  at  a  (title 
way  from  ihc  cnirc  of  a  rapidly  rotating  disc  A  (Fig-  378).  The  Mring 
^  ^  will  appear  to  sircll  out  into 

something  like  the  sltape 
shown  by  the  dotted  lines. 
If  now  the  sliini;  is  paueil 
tliruti^b  a  narrow  *-crtical 
siii  D^  since  the  motion  of 
the  siting  can  then  only 
take  place  up  and  down 
this     siii,    beyond     I*     the 
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motion  will  consi?>t  tif  transverse  vibraituns  executed  in  n  plane  passing 
Ihrough  the  undisturbed  position  of  the  siring  and  the  slit,  and  1^- 
rotating  the  slit  the  pbnc  in  which  ibe  vibrniiuns  are  taking  place  will 
also  be  rotated.  Next,  ir  a  second  slii  is  placed  at  F,  and  this  tlii  is 
parallel  to  the  lirst,  the  motion  of  Ihe  string,  being  pamlkl  lo  this  sUl, 
will  Ik  unafTccced.  If,  however,  the  lirst  slit  remaining  vertical,  llie 
second  slit  v  is  turned  out  of  the  vertical,  it  will  bcyin  lo  interfere  with 
the  vibration  of  the  cord,  nnd  when  it  is  horitonial  ii  will  no  longer  allow 
any  of  the  moiion  of  the  cord,  which  is  in  a  vcnical  plane,  to  pass,  and 
lieiKC  the  portion  of  the  cord  between  the  second  slit  and  B  will  remain 
at  rcsl. 

The  experiment  with  Ihe  crossed  lourmalinct  gives  jnsl  such  k  result 
as  Ihc  .tbove,  and  in  wc  conclude  that  the  rc.isnn  ihc  tight  will  not  pass 
through  the  second  tourmaline,  when  ihc  hkcs  arc  ai  right  nnglcs,  is  tbai 
duiing  its  passage  through  ihc  first  the  light  vibrations  have  acquired 
sides,  or,  in  other  words,  ihty  now  occur  in  one  plane,  so  that  they  arc 
stopped  by  the  second  lounnaline.jusl  as  ihe  transverse  vibrations  of  the 
cold  arc  stopped  by  the  second  slit  after  they  have  been  confined  to  one 
plane  by  the  firsl. 

Since  no  such  action  could  take  place  with  ilie  ootd  vibrating  longi- 
tudinally, n-e  conclude  that  ihe^ighl  libraiion*  are  transverse./ 

Ordinary  light,  then,  consuls  of  transverse  vi  bra  lions,  and  since 
when  a  n'ng/r  Inurnialine  is  n«ed  the  inlcnsily  of  ihc  transmitted  light 
docs  not  change  as  the  tourmaline  turns, ^c  vibrations  mutt  take  place 
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in  all  dtFeciio>u  at  righi  angles  to  the  direction  of  the  rajr.J   Afifr  the 

punge  of  the  lii:l:t  ihmuh'!)  ihe  lourmnliDo.  howo-er./iho  Iranw-crsc 

vibrationt  nil  iJike  pt;kce  gutmllel  tn  some  deliniic  direction,  and  ilw  my 

is  Mid  to  be  ^iant  ftotarittd.)  Thu«  wben  a  ray  of  light  lO  (Fig.  379} 

pa&Mri  lliroi^h  the  lourmalmc  pUlc 

AB,  irhicb  is  cut  wi  that  ilic  axis  of 

ibc   crystal   n   paia1l«l   to  ab.   the 

IranHTiilicit  light  ii  pliiiie  palariftcd, 

/^.  the  vit>rnliont  lAkc  pl.ice  in  one 

plaivc.     Ai  hai  been  mcniioncd   in 

S  366,  wc  do  not  knoir  (or  certain 

■itiat  is   the   o.'itun:   of  the   wavc- 

iDolion  in  the  ethei   which  ve  oil 

HkHi,  andiwe  cannot  say  whdher 

the    vibrations    lalcc    place    in    the 

plane  containinK  the  aiii  of  Ihe  cr^-(Ial  and  the  ray,  or  in  tli«  plant  at 

riyht  angles.'     Fre*oel  a«iinK-ii  in  his  ilM-ury  that  the  vibralluii*  lake 

place  in  tlic  plane  ronUinint;  the  lay  and  paniMel  to  the  axii,  as  ^own 

by  the  small  double- hejtded  armoi  in  the  figure.     .VCullayh,  on  the 

other  baixl,  coiistdcnd  that  the  viliriitions  take  place  in  planes  at  li^ht 

anglcii  to  the  axis.     For  the  purpnw  of  expIniniiiK  Ibc  phenomena  we 

fchall  adopt   Fresnel't  hypolhesii,  nicjely    icm.irking  tha  face  01  ding  to 

ihe  elect  ro-maKnelic   theory  of  light   lliere    is   soinelhing  going  on  in 

both  planes,  in  one  an  electric  vibratioiii  and  in  Ibc  other  a  magnetic 

vibration^ 

Hence  ««  aixuine  that  tbe  vibrations  in  the  clher  which  produce 
light  take  place  in  the  plane  aKim:  coniaining  the  aiii.  ^'hc  plane 
rKiK'i  drawn  ihroagh  the  dirgriion  o_f  the  ni^_and  .'ii.rinht  an^es  to 
the  dlre<:tion  of  vibration  of  ibe  ether  particles,  is  railed  ihc  plane  of 
ptiariiaiion.  \ 

(Ordinary  light  b  light  In  which,  at  any  instant,  the  ether  })anicle« 
ai  a  giixo  point  are  vtbtnting  in  slrai^hl  line^,  but  such  ihal  tlic  direction 
of  the  vibraiions  changes  fioin  time  to  lime/}  Since  inlerfeience  can 
be  obvcrvcd  Ivetween  rays  which  have  ira^'cned  paihs  which  difler  1>y 
400^000  wavc-lcngtlu,  it  follovs  that  during  the  lime  taken  for  this 
numher  of 'vibrations,  iji.  to'*  second,  iIk  direction  of  Ihe  plane  of 
polarisation  does  ivoi  appreciably  cliange.  A  ntucli  slower  change  than 
ihii  woruld,  however,  be  iinpercepliMe,  unce  the  eye  i<i  unable  to  ap- 
preciate periodic  cliaQt{C'>  whkb  take  place  in  a  time  less  than  ,05  of  a 
serood. 

401.  Double  Refraction.— In  treating  of  the  refmciion  of  light  «-e 
hare  hitherto  ^ksiinx-d  tlui  the  ntcdia  hdueeii  which  the  lighl  passe* 
are  lw«h  isoinipic.     Wc  have  now  to  consMkr  ihc  refraction  of  Kg 

.        when  one  of  the  media  is  itlolnipic. 

|h      An  uHoiropic  body  whidt  is  transpaieni  to  light  is  the  cryslatlii 
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calditm  carbaiuitc.  rM1«d  loeUnd  «pM;  Mt  fobMUKe  [■ihumjih  iik-  i 
fcnt  pbyMCjil  propcniei  tn  difimnt  diftokw.  It  crytaat&att  in  ntmt 
ionat,  bm  iti«r  *U  (plit  moni  mdily  alan){  cciiai* 
pbuM  which  are  Bhrayi  iadincd  to  rach  otbcr  n 
&\td  AOgiti,  so  (hal  by  cleaTa|;e  th«  cry&lalt  cxi 
alaajrj  be  i^uccd  U>  the  rhotnbohednl  form  ilmn 
in  Fig.  38a  The  rtwoiboboilron  u  bounded  hy  tu 
patnllcloi^ntins,  each  of  whkh  has  two  acute  angln 
of  73*  5'an4  Iwo  nbluiic antilrq  of  lol*  ;;'.  Tmof 
iht  solid  angln,  A  and  B  (Fig.  ^Ko),  are  fonBed  b* 
three  otKuM  angles  the  remaiuinf;  six  being  fatmol 
1>y  one  olitusc  and  two  acute  angkt.  ^A  line  drawn  ihroutrh  either  A  a 
B,  u  ai  to  W  ctiually  inclined  to  tite  iKrcc  aide&  or  edgcx  which  nMCi  at 
the  <:i>rncr,  ii  calkd  the  axtt  oT  the  cnfMaL  J  ^Vc  shall  And  that  ibe  aiii 
has  vcty  diuinct  and  special  optica)  propenici,  and  sin<'e  ilie»e  properiiM 
are  unalicred  if  the  length,  Ue-idth,  or  thkkncts  of  the  cryital  afc 
altered,  as  Tar  a»  auch  optical  properties  aie  ooncerned,  tlie  axis  must  If 
looked  apon  as  umjir  «  direction  io  the  cry^al,  w  thaS|^aII  lines  paialld 
to  the  cryaiallogTaphic  axH  are  optkal  axes. )  i 

If  amy  of  light  is  incident  nonnally  on  one  of  the  faces  of  a  rbomb» 
bedran  of  l<^eluad  spar,  pari  of  Ibe  ligbt  will  pas*  aimighi  ihroi^  aloOR 

roo'  (Fig.  jSiX  }ust  as  would  happen 
in  thecaseof  an  isotrupicbody.  I'ail 
of  the  light  will,  buwei-cr,  be  refncied 
and  travel  along  Pkk'.  Hcnoe  in  this 
case  there  are  two  refracted  rays  cor- 
responding 10  a  single  incident  la;'. 
This  phenomenon  ia  spoken  of  05 
dmile  re/ratticnx- 

Uilic  Iceland  spar  is  lumcd  round 
the  line  i-O  as  an  axis,  and  the  traiumiticd  light  is  received  on  a  »crrcn, 
the  sput  of  li(:hi  cortT»poDding  to  the  refracted  ray  tmcf  will  leiuaia 
slalton.ir>-,  while  that  due  to  the  ray  1-i:k'  will  rotate  round  the  other  as 
a  centre^  the  line  ji>tning  the  two  images  being  aln-ays  parallel  to  the 
chnrtcr  diagonal  uf  the  paialleloRram '  which  constitutes  the  face  of  the 
crystal  nii  which  the  light  is  incident  normally.  b 

If  the  angle  of  Incidence  is  not  icro,  then  in  general  there  will  be  twa^f 
refracted  rays,  but  while  one  of  thein  obeys  Sjicll's  law  in  that  the  ratio 
uf  the  sine  of  ihc  angle  of  incidence  to  the  sine  of  the  angle  of  refraction 
is  constant,  whatever  the  direction  of  the  inddent  ray,  for  Ihc  other  ray 
this  ratio  i«  different  for  ray»  incident  in  different  direciinni. 

The  lefmcted  ray  po,  which  obeys  the  ordinary  law  of  reftaciiofi,  is 


Kio.  3B1. 


1  Thisiso'ily  tiiiclf  tlieedKwof  ibefticeor*  allofe([iiAl  kngih,    I ( ihli  oondaMm 
Is  not  tulllUed.  sucb  an  cquilalcnU  iMrallatugiara  muil  b«  nufkud  out  00  llw  fiw& 


§40.] 


DoubU  Rffreetion 


S8l 


called  the  orttj^^ty  riiy,  while  the  other  ray  Pl^,  wliich  does  not  obejr  llus 
law,  is  called  ihc  ttirai^inary  ray. 

If  the  li}[hi  which  h 01  been  tninimittcd  through  the  crystal  «l  Iceland, 
spar  it  allnwcd  to  fall  on  a  plAte  of  tourmaline,  and  if  ihis  plate  is' 
rotated,  it  will  be  found  thai  in  some  poxilions  only  llic  ordinary  lay 
is  transmitted,  and  in  othtra  only  the.  cxiTnoi-dinary  ray.  Since  the 
posi(H>n«  for  which  Ihc  ordinary  ray  is  extinguished  arc  at  ii^hl  an^^les. 
to  the  po«iiion«  in  mhich  ihe  cMraordinaiy  ray  '»  cxiin^-uished,  this' 
expeiiiiwrit  showi  \hM  both  the  ori^inaiy  and  the  cxiiaonlinoty  rays  arei 
plniie  jiol^khscd,  and  that  the  planes  of  pulariuition  are  at  rijfht  angles' 
lo^DC  anolber.  ~~  ~— ^ 

If  in  the  case  of  a  doubly  refraciinK  crystal  fn  plans  bc  drawn 
perpendicular  to  the  face  on  which  the  tight  is  inciilenl,  and  su  as  to 
CMUain  the  optic  a;ii»,  this  plane  is  called  the  ^ritKip^U  fitate  for  the 
given  bee. 

When  the  axii  of  the  toumtnline  pUte  is  parallel  to  the  prindpal 
plane  of  the  spar,  the  ordinary  ray  is  cut  off  by  the  tourmaline,  which 
choirs  that  the  ordinary  ray  is  polarised  in  a  plane  ]iamt!cl  to  the  axis 
at  the  lourmatine^  ix,  parallel  lo  the  prin<:ipal  plane  of  the  spar.  \\'heR 
tiM  axis  of  the  loiinnalinc  it  at  ni.'ht  angles  to  Ihc  principal  plane  the 
cxtRumlinat)-  niy  is  cut  off,  io  that  this  rajr  is  polarised  in  a  plane 
perpendicular  to  the  principal  pl:ine. 

Thus  suppose  AHCI)  (Fig.  ^tiz)  rcpreMoii  the  cross  section,  taken 
perpendiniUr  lo  the  tst.cc*  ad  and  BC,  of  a  plate  of  IceLind  spar  cut 
through  ihe  corners  of  the 
rlKMnboltedron.  so  that  the 
tine  AX,  or  any  line  parallel 
lo  lbi>  line,  is  the  optic  axis, 
the  plane  of  the  paper  will  be 
the  principal  plane  of  ibc 
ptau  for  light  incident  on  tbc 
bees  At>  or  DC,  sbce  it  is 
perpendicular  to  tlieie  faces 
and  also  contains  ihc  axi*. 
Then  Ibe  plane  of  the  paper 
a  the  plane  of  polarisaiion 
for  the  ordinary  ray,  so  thai 
in  this  raythe  ether  vibrations 
lake  place  alonj;  sttalKhl  lines 
pcrpendicubi  to  the  plane  of 

Ibe  paper,  while  the  extraordiur}-  ray  is  potarised  in  a  plane  at  tight 
angtes  to  the  paper,  and  the  vitiratmni  take  place  in  tbe  pAane  of  th« 
paper.  The  din«iion*  of  the  two  rays  for  various  angles  of  incidence 
are  shown  in  the  i^rt. 

(Wlten  the  redacted  ray  is  parallel  to  the  axis,  as  at  tyt,  ihere  i«  onli 
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a  single  refracted  ray,  and  Ihii  lay  obtyi  Snell'x  law,  i.e.  the  exitaordinaiy 
ray  ft>f  ihi*  nn);1c  uT  incitknce  coincide*  o-ith  the  ordinnry  niy. 

If  Aiir  (Fiif.  3S3)  reprcicnis  a  Kcakm  of  n  prixm  of  Iceland  «par  rni 
»o  that  tli«  Fcfnctinit  edge  it  (Kinilld  lo  ihc  ojxic  Htis,  the  plane  nf  ihc 

p;tprr  is  pcrpcndioiUr  to  th«  prin- 
cipal plane,  &nd  Iwncc  the  oidinatr 
niy  poa'  is  polariwd  in  a  plane 
peqieiidiciitar  lo  the  paper,  and 
the  extraordJnarv'  my  »  polarinnl 
»f  .  -n-  in   the   pl;ine  of  ihc   paper.      By 

^^i^f     '         Ov'^STI^E'    ""'"K  'hf^  prism  sft  that  first  the 

l.**""^    /  \    ^^^'    ordinary  nnd   then   the  eKlraordi- 

/  \  nary  ray  it  at  mmiinun)  devtMtron, 

the  refractive  index  for  the  ordiikary 
ray  (n  constaivi)  cfin  be  dciermiaed, 
as  also  the  refrat-itve  index  for  the 
extniordinnry  ray  in  a  plane  at  ritrl<t  angles  to  the  axi«>  llie  refractive 
index  (or  the  /'  line  for  the  ordinary  ray  in  1.658,  while  thai  for  the 
extnuirdinnry  ray  in  a  plane  perpendicular  to  the  axit,  i.f.  in  a  plane 
at  right  anj-le;  to  the  principal  plane,  i»  1.486. 

I.et  ABCi)  (Fiir-  384)  tei>TCScnt  the  face  of  a  section  of  a  ct)-stal  ot 
IccLmd  apur  cut  parallel  lo  the  optic  axil  XX',  then  if  a  ray  of  ordinary 
light  is  incident  normally  ai  n,  it  will  be  tplit 
up  by  its  p.i(sa)i!c  throujjli  tlic  rry*ial  into 
two  rays  of  equal  intensity  i  one  of  these,  die 
ordinary,  is  polanMid  in  a  plane  perpendicular 
lotllc  paper  pauins  ihrou^h  XX' (the  prin- 
cipal plane,  since  it  i»  pctpcndituUir  to  ihc 
&CC  ABCL>,  and  contain*  the  axin  XX'),  and 
the  other,  the  cxlraordinai)-,  poLirised  in  a 
plane  perpendicular  to  the  paper  and  paMln^ 
through  f^. 

Next  suppose  iliat,  in  place  of  the  incident 
light  beinx  unpolariscd  lishl,  "t  lue  plane 
jailarised  liylit,  say  by  all(i*inu  the  light  to 
p^isi  tbrou^h  a  lourmalinc  plate.  If  the  axis 
of  the  tourmaline  ii  panillel  to  XX',  the  incident  light  'v.  polarised  ii)  Ihe 
]))ane  pauinj;  through  vv'  and  ibe  vibrations  of  ihe  eihcr  take  place 
parallel  to  XX".  Now  the  vibrations  of  tlie  ordinary  r"V  lake  place 
]>atallcl  to  Yv',  since  ihc  ordinur>-  ray  is  polarised  in  the  plane  XX',  to 
that  the  motion  of  the  ether  particle*  in  the  incident  liKht  i*  at  riffhl 
angles  to  the  direction  of  motion  of  the  ether  particles  in  llie  ordinary 
ray.  Hence  the  motion  of  the  incident  n-aves  has  no  component  in  the 
direction  in  which  the  vibrations  of  tlie  ordinary  ray  take  place,  and  so 
cannot  give  rise  to  such  vibrations.    'Hiere  nill  therefotc  be  no  extra 
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ordinary  ny  when  the  incident  ray  \%  polarised  in  ihc  plflne  xx'.  In  the 
same  u.iy,  ttierc  will  be  no  ordinary  lay  when  ihc  incident  ray  is  polarised 
jMiallc!  lo  ihc  phme  W*. 

Next  suppoic  ilut  the  inci<lcni  lijihi  it  pnlnriicd  in  some  inienncdinic 
direction,  say  parallel  lo  the  plane  />£',  which  ninku  an  angle  a  with  the 
oplie  utis  XX',  the  ciher  vibraiion»  talcing  place  along  vv',  whirh  is 
inclined  ai  an  angle  90' ~u  to  the  oplic  axis.  The  incident  vibration  Mill 
now  liavc  a  component  aJoii);  both  xx'  and  vv',  so  thai  ihcic  will  l>c  both 
an  ordinary  and  an  cxiraordinaiy  ray.  In  order  to  find  the  rdaiive 
inten!kiiH;>i  of  these  r*)s,  we  may  resolve  the  incident  vibraiion  along  XX' 
and  YV.  Since  the  motion  of  the  ether  particles  is  along  vv',  i(  A  is  the 
amplitude  of  the  incident  vibraiion,  ibe  amptiiude  of  the  vibration 
pianllcl  to  XX' will  be  A  cos  VOX'=A  cos  (90*  — <i)  =  A  sin  a,  while  Ibe 
amplitude  of  the  vibration  parallel  to  vv"  will  be  a  cos  vov=a  r«s  a. 

Tlius,  since  the  energy  of  a  vibratory  motion  is  proportional  lo  ibc 
tqtiSTC  of  the  aniptilu<!e,  we  have  that  the  intensity  of  the  incident  light 
is  a',  that  of  ihe  ordinary  tay  a*  co>  'a,  and  tlial  of  the  exlraordtnar>'  ray 
a'  sin  **.     Since 

^*Cos^i-f/4*sin*iif /l*(cos*a+  kin  *a) 
=  A\ 

we  see  that  the  sum  of  the  intensilies  of  the  ordinary  and  the  extra- 
onUnary  lays  U  eiiual  to  the  intensity  of  the  incident  light. 

If  a  ray  of  lighi  is  atlon'ed  lo  pass  through  two  pUics  of  Iceland  spar 
it  will  easily  be  seen,  froni  what  lias  already  been  said,  that  if  the  piin- 
dpal  planes  of  the  i«'o  plates  are  parallel  there  will  be  one  oidinary  ray 
and  one  extraoidinary,  ilic  ordinary  ray  in  one  crystal  becoming  Uw 
ardinat)'  ray  in  the  other,  &c.  If  tfie  prtncipaJ  planet  arc  at  right  angles, 
the  ordinary  ray  in  one  crystal  will  become  tlie  e>:trac.rdin.ixy  ray  in 
the  ollwr,  there  beinn,  ai  before,  only  two  rays.  When,  however,  the 
principal  planes  are  inclined  at  an  angle  betaTen  □'  and  <^',  there  will  be 
four  transmitted  rays,  since  ihe  ordinary  and  csiraordinary  rayt  in  ibe 
Cm  |)lai«  will  each  give  rise  to  an  ordinary  and  extraordinary  ray  in  il>c 
Kcood  plate,  the  intciuilics  of  the  rays  vatyinx  witli  the  angle  between 
the  prtDtdpol  planes. 

^Double  rcftactian  is  exhitMted  by  all  crystalline  bodin  except  those 
lihich  cr>'tlallite  in  the  cubic  systenO  i.Iii  every  case  the  ordinary  and 
extraordinar)'  raya  aie  plane  polarised  in  planes  ai  right  angles  lo  one 
anoiberi  In  the  caiie  of  tourmaline,  the  incident  tight  is  tplil  t>p  into  an 
ordinary  and  an  extraordinary  ray,  but  this  lubi-tance  exerts  a  powerful 
sclertive  abiorption  on  light  pol,iriscd  in  a  plane  containing  the  axis,  i>. 
ihc  ordinary  ray,  so  ihat  wiih  moderaie  thicknesses  of  the  CTy«al  only  the 
•atraordinarj'  ray  can  pa&s. 

402.  InUtrfetNUMM  of  Potm-lud  Ug'bL.-By  placing  two  pUtes  of 
tourataline.w  thai  each  b  iravenedbythe  ra}-»  pasung  through  niiv  half 
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of  Krciiicrx  biprisin,  tlie  intcrfciencc  uf  polaiiscd  liijlit  CUD  be  slwlied  in 
ihc  maimer  dcscribcii  in  §  573.  In  ihu  icay  it  is  found  that  tn-o  rays  of 
light  polaritcd  in  planes  at  liK^t  anjflcs  do  not  produce  inicrfcicnce 
under  cirrum£hinre»  in  which  iwo  rays  of  ordinaty  lighi  wnuld  intcrfeib 
Two  rays  polarisi-d  in  the  sanio  plane  An,  hovcvcr,  inicrlcK  Iik«  Vwa 
fays  of  ordinary  lighL  ^Thc  fact  that  rays  polarncd  tn  planes  ai  rtsbl 
angle*  do  noi  inicrfcrv  is  a  funber  proof  thai  the  direction  of  vibrstian  in 
the  case  of  light  ii  tiansverec  to  llie  direction  of  propagatioo.^ 

403*.  tlnlaxal  and  Blaxal  Crystals.— We  have,  when  xpcakin^  of 
double  refraction  in  Iceland  spar,  mentioned  thai  when  a  ray  of  li|jht 
imvcrau  the  spar  parAllcl  to  the  optic  axit  there  is  only  a  Kindle  refracted 
ray.  In  IccUnd  spar  there  ii  only  one  dirrclinn  in  vliich  this  lak«f 
'place,  and  ihcrefore  there  \\  only  one  optic  ays.  Doubly  refracting 
cryftials  which  have  only  one  optTc  axis  arc  cjilled  uhultoI  crystals.  In 
other  crystals  ihere  are  tw<>  axes  alon^;  which  ihero  1^  only  a  itiujile 
refracted  ray,  anii  ilifse  are  tallctl  hiaxat  (ryitati. 

4M*.  Wave-Surface  In  Unlaxaltrystals.— If  wc  have  a  dislntiv 
ancc  produced  ai  a  {mint  within  an  inotropic  medium,  the  wave-sur&cc 
at  any  monicnt  will  be  a  sphere  with  the  point  of  distuibance  as  the 
centre,  for  the  velocity  of  light  being  the  same  in  all  directions,  tlie 
disturbance  which  originates  at  any  point  will  in  a  given  lime  spread  U> 
an  equal  distance  in  all  directions.  If,  however,  the  body  1%  not  isotropic, 
and  the  velocity  of  li^'hl  is  dif&iciit  in  different  directions,  the  disiorlxince 
will,  in  a  ^iven  time,  travel  further  in  some  directions  than  in  others,  and 
so  the  wave-surface  will  no  longer  be  a  tpherc. ' 

Now,  in  the  esse  of  a  rr>-*ial,  the  sTJoiity  whh  which  light  travels  » 
not  the  Kame  in  all  directions;  and  since  theu-  are  in  general  two  re- 
fracletl  rays  there  must  be  two  wa*-c-fronts.  For  ilie  ordinary  ray  the 
refractive  index  is  cunstiuit,  and  therefore  the  velocity  of  the  ordinary 
ray  in  the  cr>-ntal  U  constant,  for  we  have  seen  in  Ji  366  that  the  refractive 
index  is  equal  to  the  ratio  of  the  vclocitic?^  in  the  two  media  (air-crystal}. 
Aa  the  refractive  index  for  ihc  e»ltaordinary  ray  varies  niih  the  dlicction 
of  the  ray  within  the  crysial.Cthe  velocity  with  which  the 
cxlraordioaiy  ray  travels  must  depend  on  the  direction  of 
the  my  in  the  crystal;^  Tlie  velocity  in  the  c.ise  of  the 
ordinary  ray  being  constant,  just  as  in  isotropic  l>odie«,  1  be 
ordinary  wave- aurlace  must  be  a  sphere.  Muyghcns,  who 
first  considered  the  subject,  assumed  that  in  uniaxal 
crystals  the  extraordinary  wave-surface  was  a  sfikereid 
or  rllifisoid  of  rtvolution,  that  is,  the  figuie  obtained  by 
rotating  an  ellipse  about  one  of  its  di.-imeters,  ah  or  m 
(F'K-  38;),  and  tliea  verified  the  accuracy  of  this  assump- 
tion experimentally.  The  axis  about  which  the  ellipse  ia 
rotated  to  form  the  cxiraordinary  wave-Mirf.icc  coincides  with  the  optic 
axis  of  the  crystal.     Hence  the  complete  wave-iurfacc  for  a  disiurbaace 
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ofigiiuuing  at  a  point  wtUiin  a  uniani  cryiiul  cuiiusia  of  a  »pliere  aiul  a 
spheroid,  !>oih  having  their  cenitcs  at  the  p<nn( ;  the  axis  of  ilie  ipliernid 
being  puiratlcl  to  the  optic  iixis  oi  ihc  crysinl.  Funhcr,  since  when  ihc 
ray  traveU  in  ilie  crytiitl  in  %  direction  parallel  In  the  optic  axis,  there  is 
only  one  rdhiciei!  niy,  i>.  the  ordinary  and  extraorrfin.iry  rays  iravd  with 
tlie  »me  vdocit)',  the  sphere  and  spheroid  must  touch  ooc  another  at 
point*  OR  the  optic  sxis. 

Two  ouei,  however,  may  arise.  In  the  first  pbce,  the  eslraortlinaty 
ray  may  be  more  refriicted  than  the  ordinary  ray,  xo  that  the  wtocity  of 
the  extraordinary  ray 

is  Ittt  than  that  of  ihe  _}{  X 

ordinary  r.iy.  In  ihi« 
Fig.  386  la),  ihf 
■pberoid  lie«  within  the  ^ 
sphere,  touchiitf;  it  on 
(he  optic  axil  XX*.  In 
ibc  other  caie  the  velo- 
city oil  he  ex  i  raoidinary 
ray  maybe  grtaUr  1  bsn 
that  tit  Ihc  ordinary 
ray,  M>  that  the  spheroid 

lies  outtide  the  sphere,  Fig.  386  if),  again  touching  the  circle  on  the  optic 
tuns  XX'. 

Uniaxal  cryataJ*  in  which  the  vavr-siirface  is  like  Fi^.  3S6  {a),  and  in 
wlikli,  eitccpl  along  the  optic  axis  ihc  ordinary  ray  travel.^  farter  tlian 
the  cxtraordiiuty  ray,  aic  called  pasitht  crystals.  Quartx  and  ice  arc 
positive  cryuali.  ""~^ 

UniaxaJ  crj-stali,  in  whlcli  ihc  wave-surface  11  like  Fig.  3S6  ij>\  are 
called  mgative  oyitals,  and  lo  ihis  claw  Wlonj;  Iceland  spar  and 
tonrmaline. 

40K*.  HoyfThens's  ConstnioUon  for  the  Dlreetlons  of  the  Re 
fkwited  Rays  In  %  Unl&xal  Crystal. -Suppoie  we  require  to  find  ihc 
directions  of  the  refraicicd  ra>-i  in  ibc  caie  of  Iceland  spar.    The  spar 
being  a  negative  crystal,  the  wave-surface  is  like  Fig.  386  (i). 

Ld  ig  or  I'P  (Fig.  387)  be  the  direction  of  ihe  lighi  incident  on  ibr 
fiice  of  the  cry*tat,  and  kt  the  opiic  axis  Xq  lie  in  the  plane  of  the  paper, 
ifaoi  the  paper  is  the  principal  plane  for  ihc  face.    Then  t}H  b  the  wavc- 
of  l)i«  incident  wave. 

Wlien  ihc  wave  reaches  0,  *"c  may  consider  that  this  point  becomes  a 
of  disturbance  within  the  crystal.  If  it  takes  ihcu-are  a  time  /  to 
from  M  to  r,  and  we  drwribe  Ihe  wave-surfaces  in  ibc  crystal 
the  point  Q  for  a  time  /  after  the  disturbance  reaches  0,  these 
wave-surfaces  will  tepretent  the  positions  of  ihe  «rav«  in  the  crystal  wbea 
the  wave  in  the  air  teaches  V.  Hence,  if  (rom  r  we  draw  ro  aivd  « 
tangents  to  tlte  ordinary  and  extraordinary  wave-surfaces  rMpcctiveJy, 
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ro  will  rcprRwrnl  ihc  nnlinary  wavc-fronl  in  (he  cty>>^  and  FF.  the 
exlntotdioniy  wafc-fronl,  nnd  the  line  1^0  will  rcptocnl  the  diivciion  ol 
the  ordinary  ray  Mid  QK  llie  direction  of  the  exmonJinary  my. 

If  the  plane  of  ihc  paper  had 
I'-s^  not  been  n  pnncipal  planv.  wc 

should  liavQ  had  to  draw  through 
p  a  plnne  perpeodicuLar  lo  the 
plane  of  incidence  10  touch  the 
sphrroid,  And  it  aMuld  not  hat-c 
(oiiched  it  at  a  point  in  the  plane 
of  the  paper ;  so  that  lire  extra- 
Oidinary  my  would  not  he  in 
(lie  pt:>ne  of  incidvnct-,  nnd  thu* 
would  not  ha»T  obe)'cd  the  6nl 
law   of   reftaclioii   iu    given   in 

Two  panicuUr  cases  sue 
worih  examining :  Ant,  when 
the  optic  «]di;  i)i  parallel  to  the 
fatt;  of  the  crysial  and  perpendicular  to  the  plane  of  incidence ;  amd 
second,  when  the  opiii:  axh  a  parallel  to  the  face  and  also  parallel  to  the 
plane  of  ini:idenc?. 

In  the  first  case  (P't'-  3^8)  the  optic  axis  is  perpendicular  to  the  plane 
of  the  paper,  and  hence  the  leclions  of  the  wave-5urfaces  consist  of  two 

circles,   the    inner  on^ 
Iv^M  since     Ihc     crystal     is 

aegaiivc,  correspond irtg 
to  Ihc  ordinary  ray.  The 
reason  (he  sittion  of  the 
extraordinary  wave-«ur> 
face  is  a  circle  is  that 
this  surface  is  obtained 
by  rotaiinj;  an  ellipte 
about  (he  optic  axit,  to 
that  all  KciiODi  peipcn- 
dicular  to  the  sjiis  must 
be  circles. 

If  a  ii  the  velodly  of 
the  ordinary  ray  and  d 
the  velocity  of  the  extraordinary  lay  in  a  plane  at  ni;h(  angles  to  the 
optic  ajii^  the  radiut  of  ilie  spherical  wave-surface  in  the  crystal  being 
taken  as  a,  (he  major  axis  of  tlie  »plieroid  will  be  1^.  Hence  in  fig.  388, 
if  QO  is  a,  QE  will  be  equal  to  #.  If  ih«  velocity  of  light  in  air  is  c, 
the  refractive  index  for  the  ordinary  ray  ii  eja,  and  that  for  the  ordinair 
ray  in  a  plane  at  right  angles  10  the  optic  axis  Is  f,'A     Now  ^  or  QB  is 
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consiiuit  for  all  angtes  of  incidmcc  in  a  pUne  at  right  ai^M  to  the 

opiic  asis,  and  hence  ibc  exiraortlinary  refractive  ind«  i*  consiani  in 

ibis  plane,  antl  ihc  cxlraordinary 

ray    obcyi    I  he    ordinary    laws 

of    Tcfmciion.      Ity    culling    n 

pritm  of  Ireland  »par  with  its 

rcfmcting  nl);e  pnndlcl  to  ihe 

oplic  axis  iwu  refracied  tays  will 

be  obiaincd,  and  ilic  rcfrnctive 

bxlex  (fi'ii  and  r/^j  cofresponiliii); 

to  each  uf  ihcsc  can  be  nie;iiurC(L 

til  this  way  it  ran  br  pinvcd  thai 

theextra<irdinar>'  (pfractivc  index 

(•".'A)  in  -A  plane  at  ri>;ht  angles  to 

the  optic  axii  is  constant.    Hcntc 

k  or  QK  tnusi  be  ronitJint,  and  sn 

■I  i«  proved  tlut  the  section  of  the 

extrSDrdtnary  WAV«-Bur(ii<e  per- 

jmidkular  to  titc  axis  is  a  circle. 

The  cdnnlradinn  ftw  findin){  the  dircclians  <if  the  refracted  rays  when 
the  optic  axU  i«  parallel  to  the  face  of  ihc  crysinl,  and  in  the  plane  of 
iiM:idon<«.  i«  shown  in  Fig.  389. 

406.  Nlool's  Prism. — As  a  means  of  obtaining  plane  polarised  light, 
a  tourmaline  plate  is  /or  nutny  purposes,  unsiiiied,  for,  as  has  been 
mentioned,  llie  ligLt  transmitted  by 
toumulinc  is  colourerl  t^'rcn.  Since, 
n-lien  .1  beam  of  I^ht  is  )>assed  thcoii^h 
a  cr>'Slal  of  Iceland  spar,  two  refracted 
beams  are  obtained,  each  of  which  is 
plane  poLnrised,  but  in  planes  at  right 
angle*,  if  by  any  means  we  could  inter- 
cvpl  one  of  these  refracted  beams  the 
other  wouM  t,'ive  ns  plane  polarised 
li);hl.  Since  Ihc  angular  separation 
between  Ihe  ordinary  and  extranrdinary 
rays  is  not  s«t>'  |{re*t,  ii  is  not  pofcsii>lc 
lo  atop  one  of  ibc  beam:s  with  a  screen. 
ualcu  only  a  very  narrow  beani  is  cm* 
ployed,  or  we  use  a  very  iliidc  ctystal. 

'I  "he  iDOst  coDvenient  ineOiod  of 
8«iting  rid  of  one  of  the  rays  is  to  make 
use  of  total  inirmnl  rcfleaion  for  this 
purpose.  A  rhomb  of  Iceland  spar  is 
taken  and  cut  in  l«-o  b)r  a  plane,  AC 
(Fig.  390],  pcrpendicntar  to  the  priiHripal  plane  for  tlie  lace  AK 
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■'■■'.    ■:     '.-:  .  .:-^    Tdett  is. i>^>«t^ tr.  a  vrri  ►' ii: 
i".  :■.    ■  .    -  j:    i-.i  »-ir-  tbe  raj  Ieai««  tbe  (T^■f:i:. 

-.     [   -  .i  -   :  L-.--:      V.--.-  -Jii  priirtfpa:  p:aa«  rf  ;be 
=-»     :'  :-  ir--i-..T7.  of  tbe  ir.ddeat  ray.  ri:«! 
..  =,:.    -  -:  -  i-.-  :=:■  I-  :>.e  spar,  awi  this  ray  is  :p:j:'> 
-..-■■  \*  Vir.--.  ;r»-l     When  lie  princip*:  plaie 

r.-;  .^ir  •  ■  ■.■  t  :  i- 1  cr'  ^•olaHM-.ioii  of  tbe  inclilrv. 
.:-,.-.:ry  riv  v  .1  'ne  priv:jc«3  in  the  fpar.  and  ;h.? 
:-.  ".  -  ■;■:-:,  -r,  -l-.r,;  ,r.  ■.:-;:  case  the  inter.s  r>- of  tbf 
'  .  -.'  •'•  •  :■.:  •■•:  ::.':  i.-.':;«r.:  ilght-  If  the  prindpal 
.:.■  ,,r.'-:  -^.'.  ir.  ar.,!r;  a  K>  ;he  plane  of  pol.lHsalion. 
■ly  a-, ::.  ;'  ioi.  'hit  rr:c  ir.r'r.t;:y  of  ihe  exrraordinary 
'if  •!,<;  rr.irii-ri!:'':i:  ::;;'pi!,  is  I  sin-  a,  where  /  is  the 
'i'M  ■;;'li'..  'Ihus  when  ™-=o  or  ;8o'  the  incensitr 
lii;lil  ii  i>\jn,  arid  when  a  —  go'  or  370'  the  intetisity 

illi'.UIII'.il   Ii;;|i|  j-^  /. 

Polarisation  by  Reflectlon.-lf  ihc  li^ht  reflected   fmtn  a 
.illii.  biiiU'  I:,  ^ii>  Ii  :is  );luk^  is  examined  with  an  analjiing  Nicol, 
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rill  be  found  ibai  *a  tlw  Nicol  Is  rolattd  ihe  intensity  of  ibe  Iranv 
,  I>bIiI  v»rie*,  For  »  certain  angle  or  intidcace  ihcrc  is  m>  li^'hl 
■nsmilted  by  lh«  Nicol  when  its  pnnci|ml  t>tane  iii  pxnlkl  10  ilie  plane 
Finddenoe  kA  Ibe  Tcflccted  lixhl,  nhilc  when  th«  praK'ipal  plun«  i>r  tlie 
is  pcrpeiulicular  to  tbn  plane  of  inridcnce,  the  inmsmitted  light  is 
equal  in  inicn^ilty  to  the  rrAccted  lighl  l>cfo(c  it  pa.iscs  ihrautili  Il)«  Nicol. 
This  sIm>ii'«  that,  for  this  angle  of  incidence,  ibc  reflected  ray  is  coni- 
plcicl;-  plane  poUiiaed  in  the  plane  of  incidence.  For  all  other  anf;Ie« 
of  incidence  tbe  reflected  nf  is  only  jurily  pcvjmiscd.  i.f-  consists  of  a 
Rii;tiure  of  ordiiMfyjiBpolariKcd  li^lil  with  li|;lit  which  i'i  polarised  iti  the 
pbne  of  incidence.  C  1'he  un{;le  of  inc»dience%  (or  which  the  rclVicteil  bcain 
IS  completely  plane  polarised,  is  called  the  polarising  aii^ile  fur  the 
rclkciiDS  subslancej 

If,  inuead  of  consistinfc  of  ordinary  tight,  the  iivcidcnt  lay  b  plane 
polarised,  and  is  ini:ideiil  at  the  polarising  angle,  then  u'l>ci\  the  inriilrnt 
fay  is  pnlaiiscd  in  the  plane  of  incidence,  (>.  the  vibtalions  of  the  ciher 
are  taking  place  peTpendiculaj  to  tlic  plaiM:  of  incidence,  the  light 
will  be  reflected.  If,  however,  the  incident  ny  is  polariftod  in  a  plane 
perpendicular  to  il>c  plane  of  incidence,  so  that  the  ether  vibrations  lake 
pla<«  in  (liis  (daiie,  none  of  Ibe  light  will  be  tcflccted,  but  it  will  all  be 
rdVacted  into  the  re6cciing  substance. 

If  the  inddcni  light  is  polarised  in  inierniediatc  plane*,  the  reflected 
light  B-i11  gradnalty  increase  in  intensity  as  ilic  plane  of  pobrlsalion 
changes  from  tl>e  position  in  which  it  is  petpcnilkular  to  the  plaiM  of 
incidence,  to  that  tn  nlnib  it  ii  parallel  to  tlie  plaite  i>f  incidence. 

Oiiiag  to  poUiisailon  by  nfleciii>it,a  {[lasa  piaie  can  be  used  boOi  as 
a  polariser  aiMt  as  an  analyser. 

Suppo«e  a  ray  of  light  to  (Fig.  391)  is  incident  on  a  jdate  of  glass  A, 
at  the  poluriiinjc  angle  ^  which  for  ordinary  glass  is  abojii  56".  The 
reflected  lay,  OP,  will  be  polarised  in 
the  plane  of  incidence,  that  is.  In  tlie 
plane  nf  the  paper.  If  tliis  leflecied 
ray  is  receitvd  on  a  second  glass 
mirror,  H,  also  at  the  pc)ari«in{E  angle, 
then  if  llie  plane  of  incidence  on  R  is 
parallel  to  the  plane  of  incidence  on 
A,  as  is  shown  at  (it)  and  (^X  ■'>* 
polarised  light  will  be  reflected  along 
PR.  If  now  the  rnirror  n  is  rotated 
round  an  axis  parallel  to  op,  the 
angle  of  bciJence  will  remnin  the 
same,  vit  eqtinl  to  the  pnbirising 
an^le,  but  the  inienvty  *rf  ilii-  n-rteitcd 

ray  will  drininikb  until,  wlicn  the  plane  of  incidence,  wlikh  is  of  coarse 
tbc  plane  passing  Uiroui;)!  P  ami  o,  and  containing  the  wmuil  vtC,  it 
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sut&crt  are  then  paliihcd  nnd  ccinenteil  losetber  ia  ibeir  orixinal 
position  hy  incan*  of  a  thin  film  of  Canada  balnm. 

Now  the  refractive  index  «f  Cnnftria  haUam  (i.;s)  ■*  linAter  tlian  the 
niioimum  value  for  the  extraordinary  ray  (i.4S6)  in  IrvUnd  spar,  and  Ictn 
ihan  llial  for  the  ordinary  ny  (1.658).  As  iota!  rcftcnion  can  only  oocor 
wlicn  ^Khl  is  passinj;  iVoin  a  medium  nf  greater  lo  one  of  Ie*s  refractive 
index,  u-c  can  net-cr  fjci  total  teiJeciion  in  the  case  of  (he  extraordinary 
fay  when  p^xiiinK  from  spar  to  lialwiin,  >o  long  US  llie  ray  paucs  in  *ad  a 
direction  ihnt  die  refiaiiive  index  it  leti  tlian  1,5;.  In  tile  case  of  ibe 
ordinary  my,  houxver,  if  ibc  incidence  is  sufficiently  obKqne  we  shall 
obtain  total  icflvciion.  flencc  if  the  plane  AC  ia  siritaMy  inclined,  (be 
ordiruiry  lay,  I'o,  will  be  incident  on  the  surface  AC  at  an  angle  greaUr 
than  Ihe  critluit  angle,  and  will  therefore  lie  totally  rctlecicd  ajong^  OO*, 
while  the  citraordinjr)'  ">'■  ^^*^'  w"  P-'**  throui;h  the  prism. 

The  light  tranimitlcd  by  sutli  a  rhomb  of  Iceland  spar,  which  is 
Otllcd  a  Nionl's  prium,  will  therefore  be  plane  polarised,  and  unoe  it  i* 
Ihe  extraordinary  ray  whidi  ix  iransmitted,  the  plane  of  polatiiaiion 
iii  perpendicular  to  the  principal  plane,  i.e.  i*  a  plane  pcrpcndicutar  to 
the  paper  in  Fig.  390. 

A  Nicol's  prism  may  be  used,  not  only  for  producing  plane  polarised 
liKhl,  when  it  is  called  a  polatiier,  Init  alio  for  deivetin),'  whether  light  is 
plane  polarised,  and,  if  so.  deietminitig  the  plane  in  which  it  is  potariMd, 
when  it  is  said  to  be  used  as  an  analyser. 

If  the  light  incident  on  the  Nicol  i^  unpolarised,  ihen  the  intensity  of 
(he  Ininsmilied  light  will  remain  the  same  when  the  Nicol  is  rotated 
round  ihe  lighl  my  as  an  axis,  llicinlensily  of  the  iran&mitleii  light  beinjc 
ptaciicjdiy  half  thai  of  the  incident  light.  There  is,  however,  a  very  slijfhi 
loss  due  10  rci^eciion  at  K  (FiK-  390).  and  where  the  ray  leaves  Ihe  crvMal. 

If  Ihe  incident  light  is  plane  polarised,  the  uilensityof  lhclran:;inittcd 
light  vjries  as  the  anatyjer  h  rotated.  When  the  principal  plane  of  (he 
Niool  is  parallel  to  the  plane  uf  polariiaiion  of  the  incident  ray,  then 
<§  401  j  there  will  l)e  only  an  ordinary  nty  in  the  (par,  and  this  ray  ix  totally 
reflected,  so  ihni  no  li);hi  will  l>c  iransinilled.  When  the  priQci]>al  plane 
of  the  Nicol  is  perpendicular  to  the  plane  of  polarisation  of  the  incident 
light,  only  an  extraordinary  ray  will  be  produced  in  the  spar,  and  this 
will  be  transmitted  undiminished,  so  that  in  this  caie  the  intensity  of  the 
transmitted  lighl  is  equal  to  that  of  the  incident  light.  If  ihe  princip.il 
plane  of  the  Nicol  ii  inclined  at  an  angle  a  to  the  plane  nf  polarisation, 
itc.nn  l)e  shown,  exactly  as  in  S  40i,ih.il  the  imensily  of  the  cxtraoidinary 
ray,  and  hence  that  of  the  iransmiiied  light,  is  /  gin'  n,  where  /  is  the 
intensity  of  the  incident  light.  Thus  when  a=o  or  180^  the  intensity 
of  the  transmitted  light  is  lero,  and  when  n—^o"  or  370*  the  intensity 
of  the  traniniilted  Itglu  is  /. 

407.  Polarisation  by  ReOeetloo.— If  the  linht  rcflpctcd  fmm  a 
30n-inetal!ic  surface,  such  as  glass,  i&  examined  with  an  analysing  Nicot, 


5  4o;] 


PolariiotioK  by  Refiedhn 


II  will  be  found  that  as  the  Niced  b  rotated  tli«  iitlcDMtr  of  th«  Irani- 
millnj  lijiht  varies.  For  ft  ccrtnin  tingle  of  incidence  ihcre  11  nu  1i);ht 
Kansmiiird  by  (he  Nicol  when  lit  ptin<:i)tal  plane  is  p.iralld  In  the  plane 
of  iDCKlence  of  tlic  tefWclcd  light,  while  when  t)ie  principal  plane  nf  the 
Nkoj  is  perpendicular  to  the  plaiw  of  Incidence,  ihc  iian^mittrd  lijjhi  is 
e<iuul  in  intensity  lu  the  relletied  light  before  it  paues  ihroux'h  the  Nicol. 
I'hi*  ihows  that,  for  this  nn^lc  (rf  incidence,  the  relJecied  ray  is  coin- 
plelely  plane  polariicd  in  ihc  plane  of  incidence.  For  all  mhcr  anK'e* 
of  incidence  the  reftcdcd  ray  in  only  partly  polarised,  i.e.  cotuiil!>  of  a 
mixture  of  ordinary  unpoUritcd  light  vilh  littht  which  is  polariied  in  the 
ptaneof  incidenocCThc  angle  of  incidence,  for  whirh  ihc  reflected  beam 
••  c«(Dpl«Mly  plane  polaii^cd,  is  called  the  polanMRg  an^tc  f»r  ihc 
tcltcciing  &iib«tance.j 

If,  instead  of  contiaiins  of  ordinary  light,  the  incident  ray  ts  plane 
polarised,  and  is  incideni  at  llie  polarising  angle,  ihen  when  the  incident 
niy  is  pobrtied  in  the  pluite  of  incidence^  i.e.  tlie  vibrations  of  the  cilier 
are  taking  place  perpendicular  to  the  plane  of  intidcnce,  the  light 
will  h«  reflected.  If,  hou-rver.  ihc  incjdml  tay  it  polarised  in  a  plane 
pcTpendiniJar  to  the  plane  of  incidence,  so  that  the  cihcr  vibrations  take 
place  in  thi»  plane,  none  of  <hc  light  will  be  reflected,  but  it  will  all  l>e 
refracicd  into  ihc  retlcamB  substance. 

If  the  incident  light  is  polarised  in  tntennediate  planes,  ibe  reflected 
light  will  gradually  increase  in  intensity  ax  the  plane  of  polarisation 
changes  from  the  position  in  uhich  il  is  pcrpcnHiciilar  to  tlie  jilanc  of 
incidence,  10  that  in  which  it  is  parallel  to  the  plane  of  incidence. 

Owing  10  polariviiion  by  Tci3ection,a  glass  plate  can  be  used  both  as 
a  pnUriwr  and  as  an  analyser. 

Suppose  a  ray  of  lij-bt  lO  (Fig.  39O  is  incident  on  a  plate  of  glass  a, 
at  the  polarising  angle  ^  which  for  ordicuuy  glass  is  about  56*.  The 
rcAecied  ray,  op,  will  be  polarised  in 
[be  plane  of  incidence,  ihai  is,  in  the 
plane  of  the  paper.  If  iliis  reflected 
ray  is  received  on  a  second  gUss 
mirror,  n,  also  at  ihe  polarising  angle, 
iheii  if  (be  plane  of  incidence  on  b  is 
parallel  10  the  plane  of  incidence  on 
A,  as  is  shown  at  (o)  and  {h\,  the 
polarised  tight  will  be  refkcted  alon^ 
PR.  If  iKiw  the  minor  n  i*  routed 
round  an  axi*  pnralle)  to  op,  Oie 
angle  of  tnc»dencc  will  remain  the 
same,  viz.  tqual  to  tbc  polarising 
angle,  bui  the  intensity  of  tbc  icflecird 

lay  wUI  diminish  nolil,  when  the  plaiw  of  incidenoe.  wbirh  U  of  couiw 
the  plane  passing  through  r  and  o,  and  containing  the  noraial  Vh\  \t 
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H«iKe  if  ox.  ov  art  ib^  aiw  <rf  reCcrencc,  tlie  elulicity,  /,  of  the 
medium  muit  be  i)ie  tuinie  alonj;  ox  .u  along  or.  Since  the  ctasticit;  b 
equal  loi/rr/J,'«'rii/u,tIie  St  ici*  or  resltmiicftiKeuiIIed  into  plnj-byaMiaia 
ordiiplacemcnl  </in  any  given  dUeciMa  mutt  be  ^.  Hence  iberesionog 
force  in  the  direflion  PK  is  t.V^,  and  iliat  la  the  direction  i>h  is  ^.m 
Tlie  resultant  of  these  twa  forces  will  theiefure,  by  the  parallelogram  of 
force*  (S  661,  Ke  aloti);  iri ;  that  is,  in  the  case  of  an  isotropic  bodjr  the 
re«oring  foice  acit  along  the  direction  of  the  dnpUecnient,  and  the 
partidc  V  when  rclcitsed  will  vibrate  along  the  line  I'Oi*'. 

It)  the  c**e,  however,  of  a  crystal,  where  tli«  cUsiicity  is  different  in 

dilTerent  directions,  thii  will  not  be  the  caac.     For  snpposc  that  the 

elasticity  (Ji^  in  the  direction  oji.  Fig.  394  (<l),  is  greater  thsn  that  (f)  in 

the  direction  ov.    Then  when  the  panicle  is  displaced  lo  ■■  the  resioring 

force  along  PN  will  be  H.  PS,  and  that  along  FH  will  be  e.  pm.    To  And 

the  direction  of  the  resultant  force  acting  on  p  we  draw  a  paralklogTam 

(rectangle  in  this  case,  since  the  tn-o  oompoocnts  nre  at  riRht  angitt),  of 

wbicli  tlie  sidet  are  proportional  to  the  two  retloring  forces.     Hence  if 

_    £■       .       «y    £.?>?  _ 

Mois  taken  such  that  MQ  =  -'''^.'"*"  =™  ^^^  and  the  diagonal  Wj 

will  represent  the  direction  of  ibc  restoring  force  acting  on  p.  Since  tliis 
force  docs  nut  act  through  O,  the  parltde,  vhet)  set  free,  will  not  vibrate 
backwards  and  forwards  through  o,  as  it  did  in  the  c»«  of  the  iMilnipir 
body,  but  will  have  its  direction  of  motion  gradually  changed,  till  it  rinally 
iakc»  plac«  backw&rds  and  fonvardK  along  xx'. 

If  the  displacement  lakc.^  plncc  cither  along  OX  or  OY,  the  restoring 
force  acts  through  oand  the  particle  will  cuntinuc  lo  vibrate  along  xx'or 
w",  as  the  case  may  be.  \Vc  can  ihua  undcriiand  how  it  is  that,  if  in 
A  crj'stal  the  ether  has  diffetvni  elasticities  in  different  directions,  the 
vibrations  .ilways  take  pbce  in  two  planes  that  are  at  right  angles  to  one 
another. 

410.  Double  Rorractlon  produced  In  Isotrople  Bodies  by 
StnUn.— It  is  possible  to  render  an  isotropic  body  temporarily  douUy 
refracting  by  subjecting  il  to  a  stress.  This  phenomenon  can  1*  ex- 
amined by  means  of  a  bar  of  glass  ab  (Fig. 
395)  which  is  held  in  a  meial  frame,  so  that  by 
screwing  down  the  sircwc  thebarcanbebenL 
Iflhebaris  placed  between  crossed  Nicols,so 
that  the  length  of  the  bar  is  inrlined  .-it  45°  to 
the  principal  plnnef^  of  the  Ni<-ol$,  it  will  pro- 
duce no  effect  so  long  as  it  is  unstrained.  On 
Iwnding  the  bar,  however,  the  light  which 
pasws  through  the  parts  of  the  bar  above  and  below  the  median  line 
will  be  able  lo  puss  through  the  an^dysing  Nicol,  while  the  central  line, 
shown  dolled  in  tlic  figure,  remains  dark  ;is  before. 
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When  the  bar  i«  bent,  the  part  above  the  dotted  line  U  coni[>re»ed 
and  ihc  pan  below  is  cxienitcd,  while  ibe  central  jiurt  ii  unsttained. 
Since  tlx:  central  pait  is  untmined,  it  proiluce:!  no  cfTccl  on  the  plane  of 
ftoJAriMlion  of  the  light  which  pnucs  through  it,  luid  this  liifbi  it  entirely 
cut  off  by  the  analyser.  The  siraincd  parts,  on  the  oiUpr  hand,  haw 
become  doubly  rcrraciiii);,  and  the  incident  plane  polarised  li^ht  U 
partly  deconipoMil  iiiio  ti);lii  pulariKd  parallel  and  at  riiiht  anj^let  to 
tbe  length  of  the  l>ar,  tliai  iii,  at  4r<^  tlicp''<"<^ipA'  plane  of  the  analyser, 
and  *o  will  be  able  ta  pAst  thraugh. 

Thi>  method  of  placins  a  body  between  tnisseU  Nicols,  and  iieeinc 
whether  any  liichi  is  then  able  to  traverse  the  analyser,  is  a  very 
delicate  method  Af  testing  uheibcr  a  trunaparent  body  is  in  a  state  of 
strain,  and  we  shall  sec  that  under  certain  cxmditiont  even  liqiu'ds  may 
become  doubly  refracting  due  to  strain. 

411.  Rotation  of  ths  Piano  of  Polarisation.— If  two  Nicul's  prisms 
9  and  A  (Fig.  306)  are  plated  in  Wnn,  l)ie  one,  P,  to  act  as  a  polatiiter,  and 
Ibe  Oither,  A,  to  act  as  an  an-ilyser,  and  if  A  is  rotated  tilt  its  principal 
plane  b  at  tight  angles  to  that  of 
V,  on  allowing  a  beam  of  parallel 
moBochromaiir  light  In  fall  on  P, 
none  of  this  tlf-ht  will  pass  a,  for 
the  light  will  be  plane  poTarised 
in  a  plane  at  riKhi  angles  to  the 
principal  plane  nf  I",  and  hence 
when  it  (alls  on  a  there  wilt  only 
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be  «n  ordinary  ray,  »ince  the  incident  light  is  polnrisod  in  the  principal 
plane  of  ihisNicol;  anda&  ibis  ray  is  stopped  !>y  total  reflcclion,  no  %hl 
win  be  transmiited  through  A.  If  now  a  plate  of  quani,  Q,  cvt  wiili 
the  litccs  perpendicular  to  the  optic  nxis,  is  plac«d  bctwe«a  the  Nicols,  m» 
that  the  light  traTCnrt  the  pbte  parallel  to  the  axis,  it  will  In  general  be 
found  thai  sonw  Ught  n  riow  imnMiiilleil  by  ihe  analysing  Nicnl  a.  By 
fotaling  the  analysing  Nicol  a  potiiion  can.  h»u-e\-er,  be  found  ttich  ihai 
no  light  is  again  Iransniittcd,  and  rotating  the  quaiii  plate  round  its  axis 
produces  IM>  change.  This  experiment  shows,  in  the  fir«  place,  that 
when  plane  pnlarixed  light  is  paueH  through  a  plate  of  quarti  parallel  to 
tbe  aais  it  rrmaint  plane  polarised  ;  and.  in  the  »n:ond  place,  that  tbe 
plaiM  in  which  the  light  i<  pnlariMd  ii  ivt.Ufd  by  tbe  passage  through 
tbe  quartz.  A  body,  such  ns  quartz,  which  has  this  property  of  rMatini; 
ihe  plane  of  polarisation  of  plane  polnnted  light,  is  laid  to  be  optk^lf 
aOht. 

Tbe  armnrat  of  the  rntaitoa  is  proportional  to  tho  thickness  of  the 
fi^tance  iravvrscd  by  ihe  light,  and  v.iries  n-ith  the  wave'lengih  of  the 
Bgbl  and  the  ttature  and  icm|>rraiure  ol  the  substance.     While  some 

£  rotate  lite  plana  of  polarisation  in  one  direction,  Mhers  rotate  it  in 
erse  direction.     If,  looking  in  the  direction  in  n-luch  the  light  is 
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irnvrllint;,  ibe  pUne  of  ])otariM(ioa  is  routed  in  ilie  saints  dIrMiinn  a* 
that  in  B'liiiTh  ilie  hands  of  a  dock  appur  to  move  wli<^n  wc  look  hi  ihe 
face,  the  raintion  u  ni<l  to  \>e  riKbl-handed  or  positive;  if  ihe  roUlwa 
ukcs  pltK:c  in  the  npixHite  dirrciioD,  it  n  Haiti  to  be  left  •  htuulvd  ec 
netjatifC. 

The  rotailon  In  Mme  tamplet  orquani  Lt  to  ihe  rijchi,  and  in  otbeo 
to  Hie  left,  ibe  iunouni  of  lh«  rotation  produced  by  equal  ihickneHn 
beinic  tbe  taune  in  both  otscK.  Some  liquids,  such  as  lurpeniinc,  are  alft 
opiiolly  active,  ail  n«ll  as  flolutioiis  of  some  suhsiancet  such  as  sucai 
and  ([uiiiine. 

The  TDlation  varies  rery  nearty  int-endf  as  llie  »q(iare  of  the  wan- 
leitgih.  so  ihal,  if  white  light  is  u!>ed,  when  Ilie  analysiiii;  Nicol  is  set  to 
cxiiriguish  liRbt  of  nny  [;it«n  tvnve- length,  the  light  of  Che  i>ihcr  wnrc- 
Icngtlis  will  be  IranMniltcd.  If  the  ttnnimiitcd  light  is  examined  b; 
me«ns  of  a  spcciroscopc,  the  spccinim  Hill  l>c  seen  ctotsed  by  a  daHc 
band  correspond intr  to  the  posiiioR  of  the  light  which  hiu  l>cen  imn- 
■■-epted  by  the  analyser. 

In  the  (ase  of  a  iulutioii  of  an  active  ftubt>iuice  in  an  innciivc  soii-eni, 
ihc  rotation  is  propoitional  to  the  qiianlity  of  Ilie  substance  prcieot  in 
ihir  solution,  if  a  is  the  rotation  prtxluced  at  any  given  temperature  for 
light  of  a  given  colour  by  a  lenjcih  /,  exprtsstd  in  decimeins,  of  a  solution 
cuniaining  i  grains  of  ihc  active  «ul»tnnce  in  one  cubic  centimetre  of  the 
solution,  the  (juaniity  aj'/r  is  called  the  spcciiic  rotation  of  the  substance 
at  the  given  U-injK-rature  and  fur  the  given -coloured  iighL 

412.  Connection  betweea  Optl(»U  Activity  and  Chemical  and 

Physical  Kature.  — Wc  have  inenlioned  in  the  previous  section  thai 
sonic  ■-iniplcv  of  (luarLi  lotaie  the  plane  of  polarisation  to  ihe  right  and 
some  \>\  III*  left.  It  is  found  llwt  this  diHetence  in  ihdr  optical  be- 
b.iviuur,  exliibiteJ  by  different  specimens  of  quarti,  is  connected  with  a 
diflccence  in  their  crjilallinc  form.  Thus  the  ordinary  form  of  a  quant 
L'rj'sial  is  a  six-sided  priim  loppcil  by.-i  si^'sidtd  pynuilid.  The  alternate 
solid  angles  wbcrc  two  pyramid  faces  meet  two  faces  of  the  prism  arc, 
however,  often  bevelled  off  by  small  second3r>'  faces  or  fjrcts  which  ate 
inclined  to  the  main  faces.  Ii:  any  given  crystal,  these  facets  all  appear 
to  slope  towardi  the  right  or  towards  the  left  when  the  ctj-stal  is  held 
with  the  pyramid  uppermost.  When  they  slope  towards  the  tight,  the 
specimen  rotates  the  plane  of  polarisation  to  the  right,  and  vUe  verta- 
A  similar  result  was  obtained  by  Pasteur  with  reference  to  the  double 
racein.ite  of  sodium  and  ammonium. 

Of  amorphou:.  l>odics  which  exhibit  optical  activity,  with  the  excep- 
tion of  one  or  two  very  little-known  ronipounds  containing  nitrogen,  it  is 
found  that  they  are  not  only  all  compounds  of  carbon,  but  that  in  every 
case  one  or  more  of  the  carbon  atoms  has  its  valency  satisfied  by  four 
difftrtnt  atoms  or  radicals,  which  fact  is  generally  expressed  by  saying 
that  these  bodies  contain  one  or  more  aayntinciricil  carbon  atoms. 


There  sito  cxicH  in  every  case  a  iwin  «ub»innce^  or  isomer,  wliicli  has 
ihc  same  romposiiion  but  wliich  mratn  the  plane  of  poln ligation  in  ihc 
oppo^iic  direction.  If  (he  »uliMancc  coniain*  only  one  Asynimeifial 
carbofl  atom,  the  rotation  produced  by  the  iKomert  nrc  oiiinl  nnd  oppo- 
site. Thus  in  the  case  of  tartaric  stc'xd  theic  is  n  dextro'iartiric  acid 
wliicli  rotates  the  plane  of  polaii«atii>n  to  tbe  right,  and  a  Icvo't-inaric 
ticid  which  roiatej  it  to  tbe  left,  and  finally,  in  maity  reactions  uii  inactive 
btnaric  acid  is  produced.  Pasteur  has,  however,  shown  by  tenain  pro- 
ix9>c»  which  only  affect  the  dextto  acid  and  not  the  lev<i,  that  tbit 
inactive  acid  consists  of  aa  equi -molecular  mixiure  of  the  itcxtm  and 
[evo  acids. 

413.  Use  of  Optical  Rotation  to  Estimate  Sugar  -  Sxcchari' 
metry.— Cane  sugar  l«itij{  an  opiitally  active  %ubsiain:r-,  if  »■<■  mcasuic 
the  rotation  produced  by  a  known  Icniflh  iif  a  solution  of  this  substance, 
we  can  calculate  from  the  ipeciiic  rotation  the  ijuaniity  of  sugar  contained 
in  the  solation. 

If  the  solution  contains  not  only  the  dex  itch  rotatory  cane  sugar  but 
also  the  Icvn-rotatj'  Icrulose,  after  detennininj;  the  rotation  produced  by 
tlic  mixture,  the  rane  mgar  is  convened  into  Icvtilose  by  aciinji'  on  the 
sokitwn  by  means  of  h)-drcichIoric  acid,  anil  then  ihe  rciiaiion  h  again 
detennincd.    The  change  in  the  rotation  will  give  the  quantity  of  cane 

ar  in  the  orif[ina]  solution. 
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MAGNETISM   AND    ELEOTBIOITT 

PART    I— MAGNETISM 
CHAPTER  I 

MAGNETS   AND    MAGNETIC    FIELDS 

414.  The  Loadstone.— Ii  was  known  to  the  ancients  that  cetafi 
ores  of  iron  possess  llic  properly  of  attracting  to  themselves  and  letiia- 
inj;  sm:ill  particles  of  iron.  This  property  was  exhibited  in  a  naiW 
degree  by  some  of  llic  ores  uliich  canic  from  a  place  in  Asia  Minor calkd 
Maj;iiesia,  and  henre  the  ores  which  exhibited  this  property  were  caiW 
inaf^telh-  sliuies.  All  the  plicnomcna  connected  with  the  properties  d 
surh  ma^'neiic  stones,  or  magnets  as  they  are  now  called  are  refemt! 
to  as  iiiaKnetio  phenomena,  and  the  branch  of  physics  dealing  •rill' 
this  siibje;:t  is  called  niaunelism.  The  loadstone  consists  of  cquii-akn) 
propiiriions  of  the  two  o\ides  nf  iron,  FeO,  Fe,Oj. 

If  a  natural  inaf^ncl,  as  a  loadstone  is  often  called,  be  dipped  in  iiM 
fiUn)^s,  the  llhn),'s  will  be  found  to  adhere  to  the  magnet  in  very  char- 
acteristic tufts;  these  tufis  are  not  unifonnly  distributed  over  the  surface, 
hut  are  much  more  marked  at  some  ])arts  of  the  surface,  chieDy  projecting 
comers,  than  at  others. 

4f5.  Artlflolal  Magnets.  In  addition  to  the  loadstone,  there  ait 
other  bodies  which  exhibit  in;i(;netic  propertifs;  chief  amon^  these  are 
bars  of  hard  steel  which  ha^e  been  treated  in  a  manner  which  we  shall 
consider  in  detail  in  a  subsequent  section.  Such  a  bar  of  steel  is  called 
an  artificial  m,a),'nei,  but  since  we  shall  be  dealing  with  artificial  mat;nets 
exclusively  we  shall  in  future  term  it  a  m.i(;net,  and  when  it  is  dipped  in 
iron  filinKS  it  attr.icts  them  and  foniis  lufts,  but  these  tufts  are  almost 
exclusively  confined  to  the  two  ends  of  the  bar.  The  ends  of  the  maKncI 
where  the  power  of  attractint;  iron  filings  seems  to  be  situated  are  called 
the  poles  of  the  magnet. 

Another  fundament.il  pto[>crty  of  a  magnet  which  also  was  known,  at 
any  rale  to  the  Chinese,  long  ago  is  thai  when  a  magnet  is  suspended  or 
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I  M  thai  it  CAii  Rini  ftedy  about  a  vcnical  iixis,  it  will  !«t  Itwif  in  a 

%nitc  tlirccttoti,  wh^lt  \%  \trK  ii«arly  parallel  lo  the  TncriitUn,  ilul  is 

.  iiMrIf  in  the  nonh  and  south  dinciinn.     It  is  found  that  it  it  always 

ftiiiiie  eiuL  bf  any  giv^n  miRnci  that  point*  toward*  the  narlli  pol^ 

1i«ik:«  tins  pole  of  the  maKnei  is  calkd  the  noith -seeking:  pidc,  or 

nply  ihc  nonh  pole,  while  the  other  poto  is  callct)  the  »oiith-*cckiiiK 

.  or  south  pcdr.    The  fad  that  we  am  a1>)e  in  this  way  lo  disiinxuish 

two  poles  of  a  mngnct  »haws  that  ibeie  must  be  lome  difTerenoe 

Biwecii  the  iwo  pol*(. 

416.  Kagntllc  AUraction  and  Repulsloit.— If  a  magnet  U  (os- 
Eltdod  by  a  fine  thread,  or  pivoted  imi  a  point,  %<*  thai  il  ran  mm  frcrl)'  in 
L)iariiontalptnne,lheii,  as  we  h»ve  already  xaid,  i:  uil!  w.t  ii&cif  jonditrc- 

which,  in  the  sbscnre  of  nny  ditiurbin^  force  diie  to  oilier  magnetic 
,  will  lie  very  neatly  diK  iwrth  and  south.     If  under  these  dKunt- 
i  the  notlh  p<>t(?  of  ttn<i(lier  nin^iwt  is  broughl  nvar  the  iwrlh  pole 
'  the  sutpcnded  magnet,  this  laller  wj]]  be  repelled.     If,  hnwevcr,  the 
souih  pole  of  the  magnet  U)  loagbt  near  the  nonh  poleof  ilie  niFiptnded 
^agnet.  this  pole  will  be  attracted.     In  this  u-ay  or  may  ccrify  the  follow- 
ing general  Uwil^Tovpole*  of  similar  name  repel  one  atioihcr,  while  two 
lies  of  <lifreTent  name  attract  on«  aooiher.l 

This  git'es  lu  a  ready  means  o(  ucertmaing  which  pole  of  a  magtvct 
.  ihe  north  potc  ;  for  we  have  only  to  brinj;  one  of  the  pcitcs  near  Ibc 
srth  pole  of  a  uispended  or  pivoted  mni;net,  such  a*  a  con) pass- needle, 
■hen,  if  iIm  north  pole  of  the  compaM-needle  is  repelled,  »«  know  il>ai 
(he  pole  of  the  other  niacnct  must  he  a  nonh  pole. 

417.  P«i7Ran«nt  &Dd  TemporaiT  IUgiieUsiii.~If  a  bar  of  soft 

Iirun  l^  [lipped  into  iron  filmits,  or  is  suspended  so  as  to  be  able  lo  mtaie. 
It  will  neither  Attract  ili«  filings  nor  will  h  Ml  itsi-lf  in  the  nonh  and 
kouih  direction,  in  fact  it  is  ooi  .i  magnet.     If,  hiioex'cr,  a  iiiagnei  is 
bmuKhi  near  one  end  of  the  bar  of  H>ft  imn  and  the  niher  end  is  then 
lipped  in  iron  filings,  it  trill  now  attmci  the  lilin).'s  fiiiming  iiifi>  in  the 
■rne  way  as  a  magnet  docs.     If  the  magnet  >s  now  icmoved,  the  iron  at 
Btice  loses  its  power  of  aitructing  ihe  filings.    We  thus  sec  that,  in  afhliiion 
In  the  |iennanent  ntagnction  cxhihiie<l  by  a  siecl  magnet,  we  have  tern- 
i>r:iry  ma^nclitm  inducediiinliar  of  toft  imn  when  it  is  in  the  i>eigh1)nur- 
I  of  a  tnagnet.    Olbet  luhctanrct  hnidrt  sof)  iron  pnine^i  the  propcny 
r  ni^l  lit  ring  lemporary  magnet  it  m,  Ihongh  lo.i  :  illcr  degree  than 

I  the  (A<«  of  iron-    Such  a  body  is  udled  a  ''  ' '/.  while  a  body, 

chasa  piece  of  hard  steel,  which  is  peimaDenUy  magnetised  idcaUedB 

If  an  nnmagtieiisrd  pic<^  nf  steel  is  bmaghi  near  a  magnet  il  «iQ 

become  mjiKnctivd,  as  did  ihe  pir<e  of  uifl  iron  under  the  uinc  coi>di> 

nns  ;  on  tlie  teiiuival  of  llw  magnet  ihi-  steel  will.  Itoirever,  not  lose  its 

gnclism  iRit  will  liafv  becnmn  a  peniunrnl  magitet.     This  dilTeience 

rtwc«D  lbs  behaviuar  of  sieeJ  and  s>oft  iron  is  lefcrred  lo  as  bcntg  due  to 


BOOK  V 

MAGNETISM   AND    ELECTRICITY 

PART   1— MAGNETISM 

CH AFTER   I 
MAGNETS  AND   MAGNETIC   FIELDS 

414.  Tho  Losdstone.— It  was  known  lo  i1i«  ancimis  Out  ceruin 
ores  of  iion  [insyi-M  Uir  property  of  altnutln);  lo  tlmnMlvea  iind  wtam- 
idg  fcmAll  puticlcs  of  iTwi.  'riiix  property  was  exhibited  in  a  nutriied 
degree  by  Mnneof  the  orcn  which  cnmc  from  a  plaLcin  Atin  Minor  c.-tlled 
Magne*in,and  hence  (he  aics  which  cvhibiird  ihis  property  were  ratlcd 
magiulic  U^us.  All  the  phcnnmeita  connected  with  ihc  piopcnics  of 
such  magnetic  stone*,  or  ningneu  as  ihey  are  now  cnllcd,  are  referred 
lo  as  mn^clic  phenomeiiA,  and  the  branch  of  physios  dcnlin);  with 
thit  >.iibjcct  is  c-^lled  iiiu),'iieii«in.  'llie  luaditonc  consists  of  equivalent 
proportioni  of  tlie  two  oxiilcs  of  iron,  KeO,  Fe^O, 

If  II  natural  inuKnct,  ai  a  loadstone  is  often  called,  l>e  dipped  in  iron 
filings,  ihe  filinjEi  will  he  found  to  adhere  to  the  tiiiisiict  in  vrij-  rhtur- 
acieriiiic  tufit;  thcic  iufi«  are  Tint  uniformly  distributed  ovcf  the  suilace, 
Inii  are  much  more  marked  ai  some  |)ans  of  the  surface,  chiefly  projecting 
comers,  itirtii  ,it  ollici-*. 

41(.  Artificial  Ho^etx.  -  In  addition  lo  the  loadstone,  there  are 
other  bodies  which  exhibit  maf-nelic  properliis;  chief  among  these  are 
bars  of  hard  iteel  which  have  been  treated  in  a  manner  which  we  shall 
consider  in  detail  in  a  subsequent  section.  Such  n  l»r  of  sircl  is  called 
BR  atiificial  maKnei,  but  since  we  >liaU  lie  dealing  with  artificial  mAKHcis 
exclusively  we  shall  in  future  term  it  a  m.-iKncI.  and  when  it  is  dipped  in 
iron  filings  ii  attracts  them  and  forms  tufts,  but  these  tufts  are  almost 
exclusively  confined  to  ilic  two  cndi  of  the  bar.  The  ends  of  the  luas^net 
where  the  power  of  aiirartintf  iron  lilin][S  seem*  to  be  tituatcd  are  called 
the  poles  of  the  maji"el. 

Another  fund:iii>enul  pi  operty  of  a  majinet  which  dlso  wa".  known,  at 
any  rate  to  the  Chinese,  long  ago  ii  that  when  a  niagnec  is  suspended  or 
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imted  »  thai  it  can  Itim  freely  about  a  v«niail  nii*,  it  will  *»  ittclf  in  a 
dcfiniie  (liitciiun,  whkli  i«  vtiy  ti«Arly  parallel  li>  the  mrridiaii,  ihni  ic, 
it  set!  iticlf  in  the  north  nnd  »aulli  direction.  It  is  found  thni  ii  i<ialu'ny« 
the  Ktm«  end  of  any  gWcn  magnet  lliat  points  towards  the  iiorih  pule, 
and  bmce  ihU  pole  of  iIk  ttugnet  i*  calSed  the  north- sevkiii^  (xilc.  <it 
simply  the  north  pole,  while  ihc  other  pole  is  culled  ihe  sioiiih'seekinK 
pole,  or  louih  pd*.  The  fact  that  wc  arc  nhlc  in  ihi»  way  to  distinguish 
the  t<ra  polei  of  a  magnet  shows  that  there  must  be  tome  difTcrence 
■between  the  tn*o  poles. 

I  416.  Hagnetlo  Attraction  and  Beptdsion.— If  a  magnet  i>  su>- 
pcnded  bj-  a  line  ihrtad,  or  pivoted  on  a  piiint,  so  that  it  can  turn  freely  in 
abnriinnial  plane,  then,  a-i  we  lave  already  siiid,  i:  will  set  itself  inaditec- 
lioo  which,  in  Ibe  afaaence  of  ;iny  disturbing  force  <lue  to  other  magnetic 
causes,  will  he  very  nearly  due  north  and  south.  If  under  ih«M  cirrum* 
stances  the  noiih  polr  of  another  mngnoi  is  brought  near  the  north  pole 
of  Ibc  lospendert  magnet,  ihis  latter  «ill  l>c  repelled.  If.  howci-er.  the 
south  pole  of  Ihe  in.));nc(  is  I  rought  near  the  north  pole  of  the  suspended 
magnet,  this  pole  will  be  attracted.  !  [i  this  way  we  iriay  verify  the  follow- 
itifgencial  law  :(^rwo  pules  of  siniilur  name  repel  one  another,  white  two 

In  of  dilTerrni  name  attnici  one  another.' 

Thrs  gives  us  a  ready  mc.ins  of  asccnaining  which  pole  of  a  magnet 

the  nonh  polo ;  for  wc  have  only  to  bring  one  of  the  poles  near  the 
Donh  pole  of  a  suspended  or  pivoted  magnet,  such  as  a  com|iasvneedle, 
when,  if  the  north  pole  of  the  compass- needle  b  repelled,  we  know  that 
tbe  pole  of  the  other  magnet  must  be  a  north  pole. 

417.  Permanent  and  Temporary  Magnetism.— If  a  bar  of  soft 
htm  is  dipped  into  iron  6lings,  or  is  suspended  so  as  to  he  able  to  rolule, 
it  will  nniber  aitrari  tbe  filings  nor  will  it  set  itself  in  the  nonh  and 
MMlli  direction,  in  fact  it  if  not  a  magnet-  If,  however,  a  tnngnei  is 
bnnight  near  one  end  of  ibc  bar  oi  soft  iron  and  the  other  end  it  then 
dipfxd  in  iron  filings,  it  will  now  attract  the  lilings,  fnrminK  tiifis  in  the 
nme  w^y  as  a  magnet  does.  If  the  magnet  is  now  removed,  ibe  iron  at 
once  l04rs  ill  power  of  attrncling  the  filings.  We  thus  tec  that,  in  a<ldition 
to  the  pennaneni  magnetism  exhibited  by  a  steel  niagnei,  we  lut-c  tem> 
poiary  magnetism  induced  in  a  bur  of  soft  inm  iilien  it  is  in  the  twighbour- 
bnodofamagneL  Oliver  substances  besides  soft  iron  possess  the  property 
of  ao[uiring  temporary  magnetiim,  though  to  a  much  smaller  degree  than 
in  the  caite  oftron.  Such  a  body  is  called  a  m-ignctic  tinfy.  while  a  1>ody, 
■uch  as  a  piece  of  baid  steel,  which  is  pcnnaneAtly  magnetised  is  called  ■ 

iran  nnmagitetiied  piece  of  steel  t«  brought  near  A  magnet  it  sill 
become  magnetised,  as  did  the  piece  of  soft  iron  un<{er  the  s.-imc  cnndi* 
lions  ;  on  the  removal  of  the  magnet  the  steel  will,  however,  not  lni«  Ju 
DiagDetism  but  will  have  hecotne  a  permanent  inagnrl.  Thin  diflcrencn 
between  the  behanotir  of  steel  and  «oft  iron  is  referred  to  as  being  due  to 
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tbe  superior  cnerdve  power  of  (he  sleeL    We  shall  reium  to  tbic  sulijcci 
in  a  future  tccti<in. 

MiiKtict)  arc  nuide  in  tiiany  diiicrcni  shnpct,  ncowding  to  the  purpott 
for  which  ll>ry  «ic  iiilcndctL  Tlie  two  ronimoncsi  shnprs  aie  a  sirjixhi 
bur  of  niiich  tli«  ivL'tiun  r>  cillicr  u  recian^lc  or  a  circle,  such  a  inu^nct 
beiiiK  calli'd  a  bat  majincl,  «  Uilc  ihc  other  ifonn  uould  he  derived  from  a 
bar  inaitnel  by  bending  tt  round  in  the  fttnn  of  a  bune-sboc,  so  that  ihc 
north  and  south  poles  arc  brought  near  toKcther  ;  such  a  magnet  is  called 
a  hurse'shoc  maji»«.  Other  tprrial  fomis  of  magnets  wc  s]uilt  consider 
when  dralin);  «Hlh  (hn  inMniiDcnts  in  which  ihry  arc  inctL 

418.  Hagneiic  Un«s  of  Force.— Wc  have  leen  ihttt  a  imtniei  ■> 
capable  of  exerting  a  fon*  on  aooiJier  luaKiMli  c^cn  when  tliey  arc 
M^parated  by  some  dUtance,  so  lliat  tbe  spw.'V  surroundinj;  a  ma^.'ntt 
poise^ws  some  propetties,  riuc  to  the  presence  of  tlie  ina{[nct>  which  it 
does  not  pusfTMi  when  the  magnet  ii  nnt  present  We  tberefbte  say  that 
a  majioct  it  surrounded  b>-  a  iiia(,Tieiic  firlil  of  forcc>  for  in  the  spire 
considered  majflictic  furcn  are  biuu^lit  Into  play. 

If  a  Mnall  cuinp:i»-ni:edle  is  brouj-hi  within  the  field  of  force  of  a 
magnet  it  will  set  ilielf  at  each  point  in  a  delinite  direction.  If  linei  »re 
drawn  so  thai  they  arc  everywhere  in  the  (iircdion  in  which  a  comp«»- 
needle  would  set  iitclf  under  the  influcnrc  of  the  magnet,  these  curve*  are 
called  the  linei  of  force  of  the  field  of  force  of  the  ma|n>ott  or>  ■»■><* 
shortly,  the  lines  of  force  of  the  maj;n«. 

When  a  small  pitxHed  cotnpau- needle  is  placed  in  ilie  neif-hboiirhood 
i)f  a  matinel  both  its  poles  will  be  aried  on  by  the  two  poles  of  (he 
ma^ncL  Thus  (he  north  pole  of  the  needle  will  be  attracted  by  the  south 
pole  of  the  nuigncl  and  repelled  by  the  north  pole,  while  the  south  pole  of 
(he  needle  will  be  aiiracicd  by  the  north  pole  of  ihc  magnet  and  repelled 
by  (he  south  pidt  Tlie  ntedle  will  therefore  set  it%elf  in  such  a  direction 
that  these  four  forces  will  have  no  resultant  muiiieni  round  the  pivot  about 
which  the  needle  can  turn.  Ilcncc  (he  resultant  of  all  four  forces  must 
have  no  nioment  toimd  the  pivot  (S  73). 

Let  NS  (KIk.  597)  be  the  in.iunei  and  sh  the  needle  in  lis  position  of 
c<|uilibtiiim  under  ibc  nflticncc  of  NS.  Then  the  forces  actiriK  on  ihe 
needle  arc  along  ja,  /H,  «c.  «ii.  If  the  lenf,'ih  of  tlie  needk  is  sufficiently 
tcnall  the  two  forces  s\  and  nc  are  parallel  and  equal  and  opposite,  for 
the  iwiiita  n  and  i  may  be  taken  as  a(  the  same  distance  from  N.  lo  (he 
same  w.iy  the  two  forces  *fi  and  *ft)  are  etjual  and  opposite.  Hence  ihc 
resultant  .tR  is  parallel  to  the  resnllant  hr".  Therefore  il  these  two 
resuliants  are  not  to  have  a  couple  al>oin  the  pivot  of  the  needle  K,  they 
must  both  act  in  a  direction  passing  (lirougti  K,  that  is,  the  line  joining  Ihe 
poles  of  the  needle  mii«  be  p.irallel  lo  ilie  resulianl  force  acting  on  a 
magrieik  pole  placed  at  ibc  point  K.  Hence  the  diretli'.'n  of  the  line  of 
force  at  any  point  represents  ilie  liitcclinn  of  the  reiultant  magnetic  (breo 
due  to  ibe  action  of  Ibc  two  pules  of  the  matjneL 
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'I1m  fuTtn  of  th«  Kne«  of  forre  can  be  most  ciwily  obttined  by  inakinE 
use  of  llie  nuKQcttun  induced  in  imn  Alinj;s  when  i!i«'y  tire  placed  near 
the  mA^nct,  for  each  nlinif  becomes  ma^'nciiMd  and  [ends  to  *ct  it»elf 
{MTslId  lo  the  lines  or  force     Hcnco  if  iron  filin)[s  aic  ■otttered  over  a 


sheet  of  Mivoolh  paper  or  glus  laid  over  the  mat.iiel,  and  then  the  paper 
or  rIa"  ti  lightly  mppcd,  •«>  uj  i<i  Aicilitaie  ihc  luttiins;  of  the  fiUngs  inio 
itie  position  in  wliicli  tticir  [cii>;th  ii  parallel  lo  Ibc  line*  nf  foirc,  the  form 
of  these  laltcr  can  at  once  be  obtained.    The  curve*  shown  in  Fig.  39S, 


which  repiTMni  ibe  lines  of  force  of  n  bar  mai;net,  have  been  obtained  in 
ibit  trxy. 

Since  a  force  must  have  not  only  direction  but  also  ipnie,  we  liav«  to 
•dopt  somo  convention  ns  to  the  sense  in  vhich  the  lines  of  lurre  are 
taken  lo  net,  for  wbiie  a  nonli  pole  would  be  acted  on  by  >  fofcc  tending 
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cxtctivil  field  which  lut«  been  alu<wtM:d  bjr  ilie  mtiKnct  The  icittion  of 
Ibe  Udcs  or  force  which,  while  ibcy  bcjiin  or  end  io  the  ina|{nri,  pats  off 
In  the  iicM,  *tU  tend  to  lum  ibc  niA|[nct  in  the  ami ■<- lock wi^;  direction. 
A1k>,  i)i«'  repulsion  bciH«cn  the  linc»  lA  force  of  thr  magnet  and  of  ibe 
i>cl(l  in  Uic  regioiu  tudi  aa  ■«,  ■i',  will  lend  to  mm  Ibc  magnet  in  ilic 

uinc  direction.  Hence 
it  t-aji  be  seeji  biiw  it  i« 
■bat  a  iiugnct  tnidi  to 
»et  itxelf  with  the  mtii; 
that  is,  (he  line  joiaing 
the  Inx>  ptjeg,  pniaJld 
IO  the  lines  of  force  of 
the  nuigneiic  ttcid  in 
which  ii  i->  pliiced.  Tlie 
tuniinj;  dTcci  prudtKcd 
by  one  magnet  on  ui- 
other  is  also  illusitated 
in  F'ijj.  4<K.  Sonic  of 
the  lines  of  force  which 
f^  ♦»•  leave  ihf!  norlh  pole  of 

the  msgnet  ms  enter 
ih*  BOUih  pole  of  the  magnet  ns,  while  some  of  those  whicli  leave  the 
pole  n  enter  the  pole  s,  and  thn  tension  along  these  lines  tends  to  iiim 
ilie  in;igncit  into  itic  position  In  whieli  their  axes  are  parallel  and  ihei* 
pules  arc  pointing  in  opposila  directions.     If,  instead  of  a  magnet,  >« 

place  a  cylinder  of  soft  iron 
in  a  uniform  inaKiiciic  field, 
the  lines  of  force  will  crowd 
together,  entering  the  iron  at 
one  end  ami  leaving  it  at  the 
other  end  in  the  manner 
shown  in  Fig.  403. 

Since  ilie  point  where  the 

lines  uf  force  eiiiera  niiignelic 

body  ii   a   loulh   pule,  while 

the  point  where  ibc  linci  leave 

Fiw.  409.  it  is  a  iir)rl!i  pole,  it  i»  evident 

that   the  end   n   of  the  iron 

cylinder  bCcames,  tinder  the  inflkience  of  the  field,  a  north  pole,  while  the 

end  *  becomes  a  lotith  pule. 

It  would  thus  appear  that  the  lines  of  force  of  the  field  prefer  passing 
ibrougb  ibe  iron  to  parsing  through  the  sumninding  air,  for  they  crawd 
into  the  iron.  Tliis  crowding  of  the  lines  of  force  into  the  iron  is  also 
illuslmlrd  in  fig,  404,  which  represents  the  lines  of  force  of  a  uniform 
field  diatutbcd  by  a  hollow  iron  cylinder.     It  will  \yc  noticed  that  the 
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lUingv  wilbin  the  cylinder  nrc  not  oriented  in  any  ilefinile  diicctions. 
Tliis  indicftlnH  thai  none  of  the  lines  of  force  cross  the  air  wjihin  the 
cylinder,  so  tlmt  ihc  soft  iron 
lui  shiel(l«I  the  upace  wiihin 
from  the  effects  of  ihc  mag- 
nclic  lield. 

420.  Hol«cuIar  Hag- 
nets. — [f  a  Ions  thin  bar 
■iiagnei  t>  toted  by  pluiit^ing 
it  in  itun  tilings,  these  will  be 
bund  to  aiiach  themselves 
aImo!il  excIiKivclyat  ihe  ends 
or  poles.  Also,  if  ihc  diiec- 
lions  of  the  lines  of  force  for 
the  magnet  arc  diawii,  it  will 
be  found  ifa.1t  almoti  all  (he 
Kncs  of  force  lem'e  the  mag- 
net near  one  eii<l  and  enter 
it  itear  the  other.  If  nnw 
tfaenuifnct  is  brokeo  in  two 

pans  aixl  cnih  uf  lhc«c  i^  .igain  Irdcd,  it  will  be  fmind  that  end)  is  X 
perf«ci  magnet,  liavin^  .1  noiili  and  a  sonih  pole.  Hence,  aIi1iou);h  the 
part  of  the  bar  which  was  orJ);iria!ly  a  north  pole  !«  one  xtill,  the  olhet 
end  of  the  Ualf  bar.  wliich  in  ilio  whole  niiiKitet  did  not  exhibit  the 
pcofierttet  of  a  pole,  is  now  a  »outh  pule,  wliiie  ilje  portion  of  ilie  other 
half,  which  in  Ibc  whole  magnet  was  not  a  pole,  is  now  a  nonh  pole. 

If  now  the  broken  magnet  is  put  together  in  the  position  uliich  it 
ocnipicd  Iiefore  ii  was  hrottcn  and  it  ngniu  tested  with  filin);s.  .ind  the 
lineti  of  force  are  drawn,  it  will  be  found  that  ii^jtiii  the  centre  hardly 
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exhilnis  any  vi^tit  of  poles,  that  it,  the  filinf^s  will  imx  adhere  10  any 
icreal  extent  at  ihc  ccniie.  nor  will  the  lines  of  force  enter  or  leave  ihc 
miniiFd  magnet  ai  the  centre.  The  rcauvn  for  this  it  evidently  thai  tl>e 
effects  of  the  twrtb  pole  tHiicb  exists  at  one  side  of  the  break  is  neutra- 
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liied  by  the  soalh  pal«  wliich  exlats  at  ihe  other  side,  all  the  line«  of 
force  which  kai-e  ihc  n«nh  pole  cnieiiriK  tli«  nctjthlKMlrini;  south  pole, 
awl  none  itrnyinf!  out  into  ihc  siirroiinriiiig  aii.  If  each  of  lh«  h;«Tv»  it 
again  broken  into  two,  it  will  b«  found  in  il>c  ume  way  iliat  they  .ire  eiich 
a  cnmplclc  magnet,  with  a  north  xiul  a  wiuih  |k>1c.  In  ¥\^.  405  is  k'*^ 
the  iron  liliii^  piauiv  of  the  lincx  of  force  of  a  inai;nct  which  has  btctt 
broken  into  four  piecet,  the  piecei  hnvitig  been  placed  at  a  little  dittfUKS 

fram  one  anoilier,  Fif. 
406  ^et  ih«  carmpond> 
in^  picture  in  the  cue 
wIkd  tlw  pieces  an 
p1ac«id  cloM  logeihcv. 
Proceeding  in  this  way, 
it  is  found  tlul  however 
small  tlic  subdiviiMM 
into  which  ihc  main)cl 
it  broken,  the  pans  are 
CAch  a  contplcic  niagncti 
havinij;  H  north  and  • 
south  pole.  Henc*  «« 
are  led  10  the  idea  of 
inolemlar  magnets,  that  is,  that  the  n>o1eeules  of  a  etih«iance  Kurh  a* 
tiieol  are  all  smalt  mngnelt.  In  the  unmagiKltsed  stute  we  may  »ippoM 
that  <be  tnolcciilar  magnets  have  their  axes  pointing  '*>  ^  directions, 
M)  that  the  north  pole  of  one  i*  neutraliicd  hy  Ihe  Kiiith  pole  of  one  of 
ihc  neighbouring;  molecules.     Fig.  407  rcpre)>eni«  the  filing  figuni  for  a 
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number  of  small  magncls  arranged  with  their  axes  turned  in  all  dtrec- 
lion*,  and  it  will  l>e  olwencii  that  Ihc  filinK»  trutmunding  Ihe  maf;i>eti 
arc  wry  liule  affected.     In  a  ina^.-nciiscd  bar  of  Heel,  however,  a  greater 
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proportion  of  iho  sin.-ill  mOirncU  are  turned  with  tbdr  nonh  poles 
poinliuj;  in  one  dirwion,  and  ihe  greater  the  proportion  of  ibe  molecular 
miiKiwts  whicli  arc  (umcd  ia  ibit  direction,  the  stronger  la  iho  magneii- 
latton  of  the  bar.     This  is 


:s'.*rr:,*>f^:'W 


Fia^oa 


illtuirated  in  Fi);.  408,  which 
Ifivcs  the  liUns  picture  for 
the  uinic  maetiett  at  in  \'\g. 
407,  lull  now  they  are  all 
arran);cd  with  I  heir  axes 
pototing  in  oiie  direction. 

Tbe  fuel  that  tn  a  magnet 
the  inaj{nc(ic  force  >t  re- 
ttricted  to  near  the  ends  or 
pole*  i*  etitily  explained  on 
this  hypoihcsw,  for  in  the 
caac  of  the  molecular  m.ig- 

iMts  In  a  magiHiiscd  bar  it  i«  evident  ttinl,  except  at  the  ends  of  the  bar, 
tbe  nonli  pole  of  each  email  maguci  will  he  very  near  the  south  pole  of 
tbe  next  nuignet,  and  hence  iht-Ttu  two  nil]  nciitrnlise  ej«ch  oiht^r's  eflecl* 
on  all  exietnal  p^wnl).  At  the  Iwo  ends,  however,  this  nculrjli»alion  wi!l 
not  o<vui,  nnd  at  one  end  the  nnrlh  polci  will  combine  to  fnrrn  the  north 
pole  of  the  magnet,  and  at  llic  other  cn<l  the  »ouih  potcs  will  combine  lo 
fonn  live  south  pole. 

If  funlier  we  aiippoM  that,  in  the  case  of  steel,  the  molecular  mngneli 
havtng  been  once  si-t  in  one  direction  ihcy  will  remain  in  this  direction, 
white  in  ihe  oiic  of  soft  iron,  aIthou};h  under  the  influence  of  n  magne- 
tising force,  the  molecular  magnct«  can  be  lumed  \a  that  ihcy  lie  in  one 
direction,  yrl  wlien  the  magnetising  foire  i*  rcmoied,  the  molecular 
tnagnns  do  not  remain  in  their  rcgubr  armngrmrnt,  but  ng:«in  mm  in 
all  dircctiont,  the  differcncr  in  lln:  Iwh.iviour  of  steel  and  iron  can  at 
once  be  accounted  for.  \Vc  shall  in  .t  tiuti^icqucnl  section  return  to  this 
mbjcct,  atui  show  liow  Iliis  hy|ioihcsii  of  inolecuUr  in-igne^ls  is  capahk 
of  explaining  tlie  magnctiMiion  of  iron,  even  when  considered  in 
frealer  del.Vil. 

421.  Cotilomb's  Law— Although,  as  ire  have  »een  when  considering 
the  cfferit  of  breaking  a  magnet  in  bits,  «'e  arc  unable  to  obtain  eitlier 
a  north  pole  or  a  south  pole  alone,  yet,  if  we  have  a  very  long  magttct, 
in  ibc  space  surrounding  one  of  the  polet  the  titagnetic  forces  arc  praeti- 
calty  due  lo  that  pole  alone,  for  the  other  pole  b  at  such  a  great  dinancc 
that  il  produces  practically  no  elTect.  Hence  ve  can  in  this  way  get 
vhai  i>  practicaltf  a  wngle  pole,  and  it  is  ver)'  convenient  in  considering 
the  (objeci  to  speak  of  a  uojile  pole,  and  of  the  ibrce*  which  act  on  tuA 
a  single  potc. 

Coulomb  esiunined  the  laws  governing  the  attractiao  and  rcpuhinn 
bat— an  magnetic  poles  by  suspending  a  long  thin  magnet  by  nwin:-  '>f 
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A  vrir«,  the  upper  end  b^oK  attached  to  a  divided  head,  so  ihni  ih«  angh 
tlttough  which  the  (op  of  the  wire  wa>  turned  could  be  rend  tM,  A 
««coE)d  \ax\%  thin  magnet  wni  placed  with  ii*  nxi«  vertical,  and  one  i>f  tit 
polcf  in  ihc  ii.iinc  horimnial  plane  as  the  autpended  masnet.  The  font 
with  which  the  pole  of  tlie  6xcd  inaj[iiet  (cpcU  or  ntiract»  one  of  tbc 
polt^of  iho  Mispcndcd  ninKnet,whcn  at  difTerenl  dtMaiice«,waaineauuml 
by  finding  i)ie  an^le  throiijith  which  the  lonion  head  liad  (o  be  tutned  to 
keep  llie  pules  at  the  giwii  distance  apart  (*ee  SS  'o*  '74)- 

From  tlie  rtrsutts  of  this  scries  of  eaperinienis.  carried  on  by 
means  of  the  torsion  b^ildnce,  Coulomb  found  that  the  forix  CMtied 
between  two  poleiwai  proporiiimnl  In  ihc  product  of  the  nirengib*  of  the 
poke,  and  inversely  proportional  to  ihc  siuare  of  ihc  distaiK-e  between 
tbc  poles.  We  »Iiall  see  later  that  ihc  force  alto  dcpr-ndt  on  ihe  naime 
of  the  medium  between  the  pole*,  if,  however,  we  suppose  the  inierfcniog 
medium  alway*  to  be  air,  then  the  foti:c  /■',  ejicried  between  two  poles  of 
strength  m  and  ni,  u,  according  lo  CoulomlVs  law,  given  by  the  ei^ualion 

wheic  ''  ia  the  distance  between  the  pole&,  and  it  Is  a  constant. 

422.  The  Unit  Magnetic  Pole.— Coulomb's  law  gives  us  a  means 
not  only  of  measuring  the  siren^'ih  of  inaKncli<:  poles,  but  aUo  of  detining 
the  unii  pole.  If  wc  lake  two  |iolcs  of  ihc  same  sircnuih  iH.  and  place 
them  ai  unit  distance  apart  in  air,  then  the  force  exerted  between  tbein 
will  be  given  by  F=m^k.  If  further  we  cliooje  m  in  such  a  way  that  the 
repuUion  beiwcert  the  two  poles  is  the  unit  of  force,  we  have  mU-l. 

Qfwo  define  our  unit  pole  a*  such  that  when  tucu  unit  poj!s»  aic  placed 
at  a  distance  apart  of  oiis  centimcirtin  air  ihey  reptl  each  other  with 
the  forCC_of.one^dy!J&.thcn  k  will  be  ettu-il  to  i.  and  Coulomb's  law  may 
be  expressed  symbolically  bv  the  equation 

423.  MaffnetiG  Moment — Alihoki^h  it  ix  convenient  for  the  tbeo- 
Tctical  discuMion  of  ilic  subject  lo  speak  of  a  sin^jlc  magnetic  pole,  yd 
in  practice  such  a  thing  does  not  exist,  and  as  the  forces  in  play  between 
two  magnetic  poles  can  only  l>c  measured  by  determining  the  force  acting 
on  a  magnet,  which  must  of  necessity  possess  both  a  north  and  a  south 
pole,  it  is  convenient  to  ha»*c  some  quantity  which  shall  include  the  cflrct 
of  ihe  two  polev  Such  a  (luanlily  i»  ihepmduel  of  iho  strength  of  either 
pole  of  the  maRUet  into  the  distance  betwecil  the  poles,  and  is  called  the 
momtnt  of_  Sht  mjgiut.  The  rc.ison  why  this  qiianiily  is  of  imponancc 
will  he  at  once  apparent  if  we  consider  that  siiKc  the  two  poles  of  a 
magnet  always  art  in  opposition,  the  grealcr  will  be  the  combined  effect 
the  greater  the  distance  betn'cen  ihem,  fi>r  then  the  magnetic  eflect  of 
one  pole  will  be  less  neutralised  by  iliat  due  to  the  other. 
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424.  Strength  of  a  Masnetlc  Field. — Now  Hint  wc  hnve  defined 
!!«  unii  niJi^oiic  polf.  we  sre  in  a  position  to  define  the  sitcn|{ih  of  ihc 
unit  magnetic  field,  (yhe  sttentith  of  a  mngiK-iic  fielii  is  ihc  force  «'ith 
whicli  11  unjt  jolc  u-ouM  be  acted  ttpon  by  ihc  lield  wlicn  placed  ai  ihe 
given  point  Thus  if  Ihc  strenfiih  of  n  maRnctic  field  at  a  given  point  is 
//,  a  unit  nonh  pole  when  placed  al  Iho  p<Miit  «ill  be  adcii  upon  by  a 
lOTCc  of  //  dyn«  in  ihc  diiectioti  of  the  lines  of  force  ni  ihc  point.  If 
Ihe  urength  of  the  pole  is  m.  then  il  will  be  acted  on  hy  n  force  of  »»// 
d)^e3  in  the  dirediun  of  ihc  lines  of  force^ 

,^25.  Couple  Acting  on  a  Magner  In  a  Hagnolfc  Fleld-^Sup- 
po»e  ihat  a  magnet  NS  (Fig.  409)  1*  placed  iu  a  unifnnn  field,  thai  is,  a 
field  in  "hith  ilie  lines  of  fort*  are  everywhere 
(wnlkl,  and  of  whieb  the  strength  (//)  i«  eiery- 
where  ihe  sanie.  If  v'ov  is  liie  direction  of  the 
field,  the  mugnei  v,-ill  be  acted  upon  by  a  eouple 
lending  lo  iwrn  il  round  in  the  clockwise  diicc- 
lion.  I(  the  slrenKtli  of  e-ach  pole  of  ihc  niaj;nel 
b or,  the  pole  K  uill  be  nclcd  upon  by  n  force 

mtt  in  iho  direction  «n.  The  moment  of  iliis 
fwcc  about  the  point  O  h  mH.Ki,  wheic  ni.  i» 
the  petjiendieular  from  N  to  llic  line  VOV'.  In 
ibe  »aine  way  the  foice  acting  on  Ihe  south 
pole,  s,  uill  be  equal  to  a  force  of  wit  in  the 

direction  Sh',  and  the  Ttiming  moment  of  this 
tone  aboat  Uic  point  o  will  be  equal  to  mil.KK. 
SiiKa  o  is  the  centre  of  the  maiiact,  on  is  ctjiial 
to  OS,  ai»d  the  angle  KOL  it  eqanl  to  the  angle 
901:,  and  therefore  st  h  e(|ua1  to  k& 

Sii>ce  ihe  forces  NH  and  SH'  are  equal  and  opposite  purallrl  forces,  they 
coastiiuic  a  couple  (%  70),  and  the  turning  inumciit  uf  thii  coople  is  equal 
lo  the  produciof  one  of  the  forces  into  the  perpendicular  distance  between 
the  line*  of  action  of  the  parallel  forcciL  Hence  the  turning  moment  i« 
equal  to  M//(si.  ■  Ks).  Now  if  0  is  the  angle.  NOt,  beti>«en  the  axis  <tf 
the  magnet  and  the  direction  of  the  Aeld,  and  /  is  the  length  of  Ihe 
magnet,  so  that  NO  is  equal  to  /,'i,  wc  have 

NL'ON  sin  0— //i.sin  A 

In  the  same  way,  KS-rxi  sin  d~//].sin  ft    Hence  (kl+ks)  is  eqtial  to 
/  sin  ft    Thus  the  turning  moment  exerted  by  ibc  field  oni  the  magiKt  i* 

mf//  tin  ft 

Dot  ibe  prodocinf  the  strength  of  one  pole  of  a  magiwt  into  ihe  distance 
between  the  poles  is  the  mannctic  moment  of  the  magnet.     Hence,  if.V 
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u  ibe  magnetic  niomcnt  of  lh«  magnet,  M—ml,  and  ll>«  tunui^  ample 
due  to  the  action  of  llw  ficM  on  th«  magnoi  ii  MH  sin  A 

The  abot-e  expieition  uill  allow  lu  to  meaiturc  cither  M  or  //.  ifov 
know  the  other  and  con  mcAutrc  the  couple  acting  on  tlui  nugnel  when 
it  is  tnniod  xi  that  itt  aca.%  mokes  a  known  anfcie,  ^,  with  the  direction  li 
I  lie  field. 

Knee  the  forc««  actii^  oD  the  two  poles  of  a  mngnct  when  tl  is  placed 
in  n  nnirorm  field  constittiie  a  couple,  they  have  no  rcMiltani  tending  to 
pr'>duce  a  motion  of  iraoslaiion  in  the  ma^fneL  Thi»  U  proved  ex- 
peranentally  by  floatin);  a  inu^net  on  a  disc  of  cork,  whrn  the  magnet 
lunu  and  iei»  llMrIf  appruximutely  naith  and  south,  but  dix-a  not  move 
.  C|flrin  any  diicctioii. 

\y    426.  Couple  due  to  the  Action  of  one  Mnirnet  on  another.- 

'  'lx!t  nt  (ftj{.  410)  l>c  a  small  magnet  placed  uitd  its  cciiin!  on  the  pn> 

longatioiiof  the  axis  of  another  mav"<l>  KS,  so  that  tli«  axes  of  the  twa 

magnets  are  at  ts^W  anifle*  to  one  another.    Tlieii  the  north  pole  v  of 
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the  one  m.iifntt  will  repet  the  north  pole  n  of  the  other  and  attract  the 
south  pole  I,  u'liile  the  south  jKile  of  the  Rrst  nut^-nei  will  attract  n  and 
repel  t ;  but  since  the  pole  X  ii  nearrr  than  the  pole  S  the  rrMiIlanI 
action  of  ihc  two  will  be:  a  force  nrlin^  on  nt,  tendinj;  to  mm  it  in  the 
anii-cIockwiMidireciion.  I.rt  m  be  the  ittcnjiih  of  one  of  the  pules  of 
HS,  and  *«'  the  strength  of  one  of  the  poles  of  «t,  and  lei  1/  be  the  length 
fi'.  Itt  and  %l.  that  of  NS.    Then  the  repulsion  between  M  and  n  is  ctiual  to 

— |-,  where  r^  is  the  distance  from  N  to  n.    The  turning'  moment  of  this 

force  about  the  point  O  will  be  equal  to  — ^  XOF,  where  OF  is  dmwn 

perpendiailar  In  \in.  But  if  llic  diMnnre,  op,  between  the  cenirBS  of  the 
two  magnets  is  called  i),  since  the  irianglct  Miit'  and  no.N  arc  similar, 

g=°2.    Hence 


or 


So  that  the  turning  moment  is 
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The  turninf;  moment  due  to  the  aciion  of  n  on  j  will  be  the  snnic  u  thai 
^uc  to  K  on  ft.    Thus  Ute  total  turning  momcni  due  lo  ihc  pole  N  will  b« 

wm'tip-i:) 

In  the  »amc  way  ihc  turning  morocni  due  In  the  pole  S  will  be  ohuincd 
by  writing  I>-\-f.  for  l>-t.  in  the  above  expression,  and  aince  this 
inani«itt  acts  in  the  opposite  direction  to  thni  due  to  the  pole  N,  the  loial 
umitU);  [nomcnt  due  to  the  two  poles  «-ill  be 

1  f  the  Icnglh  (rf  the  magnet  i/  U  to  Kmnll,  oompaTed  with  the  dUiance  O, 
tliat  the  term  !*  c^tii  be  neglected  in  coBiparison  with  {,!>  -  I-Y,  the  Above 
cxpresiion  teduce«  to 

C/' -/.)»"(/-'+/.)* 

"  jjy^m* • 

%mfilDL 

\i,  Ainher,  the  distance  between  the  two  Dtagnets  i«  fto  g;reat  compared 
wHh  the  ten),'tli  of  either  that  we  may  also  neglect  I?  compared  lo  /)*, 
the  expTcHion  (or  the  taming  moment  acting  on  the  needle  n*  reduces  lo 

Now  iml.  it  ihe  magnetic  moment,  Sf,  i>r  the  magnet  Ns,  while  aW/ 
is  the  magnctk  moment,  ^t,  t>X  the  magitci  m.  Hence  the  turning 
momcDi  may  be  written 

Next,  suppose  that  Ihc  needle  ni,  inttead  ofbcing  placed  with  its  axis 
peipcndKular  to  the  axis  of  N»,  is  placed  so  that  its  ax>t  makes  nn  angle 


N 


Tun.  4(1. 

B  with  the  Dim-  drawn  through  its  centre  perpendicular  to  the  axis  of  KS 
{Fig.  4t  i).  If  ««  uippoie  that  the  magneii  Ate  both  small  compared  to 
ibo  diitancc  between  ihcm.  Ibe  turning  moment  will  be  less  than  before 
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in  ihe  ratio  of  i  to  eo»  ft  Kor  u-e  have  now  practtcaHj-  to  do  u-ith  a  nwdle 
of  which  the  ucenut^  »^  ^^  poles,  in',  is  the  same  as  before,  but  (he 
distance  betiwion  ihc  poles  is  now  equal  to  EO,  where  e  and  G  are  the 
fcei  of  the  perpendiculars  diawn  from  »  and  s  cm  the  line  which  puses 
throujjh  o,  and  ii  j>erpctidiciitar  to  the  asis  of  the  nugnct  N:i.  Bisl 
OK-^Ow.cos  C,  licncc  ihr  moinent  of  this  iinai;iDaiy  magnet  is  -Wco*  ft 
Thus  tbe  turning  moment  due  to  Ns  is  now  equal  to 

3ifM'tM0 

This  pmiiioD  of  two  maffnet*,  in  which  the  axis  of  one  is  at  tight 
angles,  or  »t  any  rnic  tvry  nearly  at  right  angles  to  the  axis  of  tlie  other, 
b  called  Ihe  ''A  tangential  portion  of  Gauss." 

The  abiivc  formula  shows  tliai  when  0  is  a  right  angle,  so  that  the 
axes  of  the  iwu  magnets  lie  in  the  same  straight  line,  cos  &  being  lexn, 
there  will  be  no  turning  couple  doe  to  the  action  of  one  magnet  on  the 
other ;  this  is  also  evident  froin  a  consideration  of  the  direction  of  the 

lines    of  force    of    the 
^  tnagnel  ns.  which  at  O 
arc  parallel  to  the  axis 
of  NS. 

We  have  now  to  con- 
P    sider  the  case  when  the 
magnei,  NS,    is    placed 
with  its  centreon the  pro- 
longation of  the  axis  of 
S    rts  and  ai  right  angles  to 
Fio.  41a.  this  tine  as  shown  in  Fig. 

4t3.    This  is  called  the 
"B  tangential  position  of  Gauss."     Using  the  same  notation  as  before^ 

ihe  force  exerted  by  N  on  /  is  equal  to  —5-  along  ss.     The  turning 

moment  of  tliis  force  about  o  is  -p'  ^  oF.    Since  the  triangles  of/  and 

.    ..      of     [iP  —    /L    „ 

KP/  arc  similar,  ^^=55  ;  or  0F=  — .    But 
or     Ni  '' 

H=37«+/V'-SV<'+CO/'- Or)' 
Hence  the  turning  moment  due  to  the  action  of  N  on  f  is 

Utis  will  also  exptus  the  turning  moment  due  to  the  action  of  8  oa  f. 


^r:^^ 
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white  (lie  nxxnetus  doe  to  ihe  action  of  K  aod  s  on  »  are  obtained  b>- 
chansint;  !>-/  into  D+/  in  thi*  e:([>t«5ion.  In  this  ciic.  however,  ii 
will  be  at  once  iccn  thnt  ihc  turning  moments  due  to  ihe  .ictinn  of  thtr 
pair*  N  and  s  on  ihe  two  poles  »  aiMl  t  of  the  needle  are  in  the  Mine 
dircctioci.    Hence  the  totnl  lumin£  n>iwncnt  is 

imaflL  imm'll. 


or 


If  DOW  K-c  proceed  to  take  the  needle  short  ID  coiit|]ari«on  to  the 
distance,  n,  between  ll»e  magnets,  thij  expression  reduces  to 

While  if  l'  may  abo  be  neglected  compared  with  t>*,  the  turning 
moment  reduces  to 

AfAT 


: 


As  before,  if  Ihe  axis  of  the  needle,  m,  niakcs  an  angle  V ' 
OP,  the  turning  couple  will  be 


.-ith  the  line 


MM- 


"> 
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Afiatn,  this  i<  tern  when  tf^  90*,  j>.  when  Ihe  two  majfnciii  are  paraltel, 
and  a*  the  lines  oi'  force  of  ihe  macnei  NS  at  the  point  o  are  pnrsJId  l» 
the  axU  of  >«,  this  is  a«  ii  ought  to  be. 

These  cxprcfctiiKw  may  be  iiwd  10  test  the  correctness  of  Coulomb's 
bw,  whkh  we  lure  emplojvd  in  obtaining'  ihcni,  for  if  the  needle  tu  is 
suspentted  by  a  wire  or  by  a  bifilar  suspension  (g  1 19).  then  by  turning  the 
upper  end  of  llie  wire,  or  of  rlie  bifilnrs,  till  the  axis  of  the  magnet  hi 
enmei  into  the  position  considered,  we  ran,  as  lias  been  explained  in  §  10% 
meature  the  coople  which  is  acting  on  ht  when  the  mngncis  are  at  a 
given  diMsnce,  »,  apart.  Then  by  varying  11  ■«  can  tc«i  whether  the 
eoMpk  varic«  invcrtely  as  i>*.  Wc  may  also  ttt  if,  for  a  f;ivcn  ir«lue  of  i\ 
tba  couple,  when  the  maxncls  are  in  the  A  position,  i<  twice  as  great  as 
iIm  couple  wJien  they  are  in  the  b  posiiion. 

Also  by  using  twxt  magnets,  of  which  the  moments  are  u  and  u',  we 
may  meature  the  couple  tliey  exert  when  used  separately  iit  a  distance  D. 
We  may  then  use  litem  both  simullancoutly,  placed  at  the  distance  P,  one 
un  cilher  side  uf  the  needle,  and  ihnw  ihal  ihe  cou]^cs  produced  when 
llaejract  so  n»  to  oppose  each  Other,  and  also  when  ihcy  act  to  assist  each 
other,  and  the  couples  »  hidi  they  each  produce  separately  are  in  tlic  laiio 
of  H  -  u' :  u  >  at" : « :  H". 
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This  method  oft^ttin);  iIm  iniih  ofCouloinb'i  Uw  can  be  made  moi« 

acfunte  ilun  can  the  iiK'thiMl  willi  ihc  (orhion  balance,  wberr  ihc  effrol 

of  ibe  one  pu1<^  a  uflvn  nuxlilKHl  by  Ili.it  of  ihc  l.>^tlc^ 

LT    427*.  Time  of  Vibration  of  a  Magnet  when  Suspended  lit  a 

■avnetlc  Field.— We  hai-e  »ccn  in  ^  41S  ■I"*'  if*  maicnci  NS  (fig.  413) 

of  irhirh  the  moment  it  .)/,  \%  suspended  in  x  magnetic 

B         lield  of  Urengih  H,  and  if  ibc  axis  of  the  raajjnei  nukci 

an  an|{Ic  *  "ilh  the  direction  ab  o(  ihc  field,  the  couple 
actini;  oil   Ibe  magDct,  and  tendint;   tu  turn  ii   inio  the 

direction  ak,  ii  MH  sin  A    Thiu  if  the  maiptet  lies  with 

Kit«  axis  pniulicl  to  the  direction  of  ibe  field,  aiul  with  iit 
nnrtb  pole  pniniinK  in  the  piMitiw  dinrlion,  ii  will  be  in 
siiibic  ci|uilibrium,  and  when  it  is  displaced  fnwn  this 
poiitinn  iliroiiKb  an  angle  6,  (he  couple  tending  \o  rr- 
tiore  it  to  its  tin  disturbed  position  will  be  MH  lin  A 
Hence  if  ihe  nugncl  is  displaced  and  tlien  kci  free,  il 
will,  ui\der  Ihc  influence  of  this  couple,  move  back  lomrd* 
it«  position  of  (Hjuilibrium.  ll  will,  during  this  motion,  gain  kinclk 
cn«rg)V  so  thai  ii  will  pau  ihioiigb  its  cquilihi-itim  potiiion  and  be  dn> 
placed  on  the  other  »idc,  and  so  on  j  in  fnci,  it  will  cxcoiie  oscillations 
about  its  po(.iiion  of  ctjuililMium. 

Now  in  ^  113  we  found  thai  when  a  simple  pendulum  is  displaced 
from  its  position  of  rest,  the  foree  lending  to 
brinj;  ii  back  to  that  position  was  given  by  mg 
sin  &t  where  m  is  the  mass  of  the  hoK  The 
similarity  between  ihis  expression  and  that  ob' 
mined  in  ih<.'  lane  of  the  tiut^'nct  is  obvious,  and 
we  tan  at  once  st-e  that  if  llic  »iiiiple  pendulum 
performs  isodircjuous  vibrations,  llic  sus.pemic<! 
m:iKnet  will  ito  so  also.  .As  we  have  alieady 
seen,  the  pfnrtulum  only  perform*  isochmnniis 
oscillations  when  ihe  mnxinium  displarenicni 
{&)  \%  small,  do  iliat  wc  may  at  once  inter  thai 
Ihe  same  will  be  the  case  with  the  suspended 
magnet. 

In  order  to  find  an  c^ynession  for  ibe  periodic 
lime  T  of  the  oscillations  performed  by  ihe 
mAKncl.  let  A»  (Fig.  4>4)  represent  the  position 
of  equilibriiim  of  the  magnet,  and  Nsihc  position 
of  the  magnet  when  at  its  maximum  clonKuiion. 
Now  for  small  di  spin  cements  (C)  ihe  restoring 
force  will  be  equal  to  MflB,  since,  as  was  shown 
in  §  14  lor  small  values  of  6.  sin  tt  may  be  Liken  as  equal  l«  0.  Hence, 
for  vibrations  of  small  amplitude,  the  tutoring  force  m  proportional  to 
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the  duptaCemmt,  and  tlierefoK  the  nu)|{neT  will  execute  a  simple  har> 
inonic  nK>tion  i;§  50}.  Now  in  j;  ji  we  have  shown  thai  in  a  S.  I-I.M.  the 
moAirDum  linear  velocity,  thai  is  ihe  velocity  when  the  body  is  pawing' 
tlinniah  iu  potation  of  rctt,  in  cqiul  lo  SnitiT,  whi-ie  a  1%  the  ainpliluilc  of 
ihe\ibrat>nti3nd  7*  is  ihc  period.  Hence  the  kinetic  energy  <if  a  panicle 
of  ma&i  »i',  when  passinf;  ihcotigh  its  position  of  i»t,  is  i«*aW/?*. 

Now  ihe  uinpliludc  {1^)  of  a  pnrtide  at  a  distance  r  from  the  point  O, 
about  wliidi  itie  inagnet  routes,  la  givca  by 

where  (.-'A')  Kiand«  lor  the  arc  as,  and  /  is  the  Imblli  of  tlic  matniei. 

Therefore  the  kinetic  eneruy  of  itiis  particle,  when  pa»siiiif  UuDUi[h 
its  pusilion  oJ'reil.  is 

T^P        ■ 

Thii>  the  total  kinetic  energy  of  afl  the  panicles  which  build  up  the 
inagnei  b 

-fifr  «•"')=  -rf(*-  ' 

■nhrn  A'  is  the  moment  of  incnia  ($  8;)  of  the  majfnei  about  xn  axis 
ihiouKh  a 

Now  when  the  magnet  is  at  its  extreme  elongaiion  ihe  energy  is 
entirely  potential.  This  potential  eneiKy  is  equal  to  lb«  work  winch  has 
to  be  done  to  move  the  pnlet  a  and  K  into  Iheir  new  positions  againii 
the  anion  of  the  Acid.  Contiderins  ilic  pole  .%  wc  might  take  it  fn)m 
A  to  S  along  ihc  palli»  Af,  fs.  where  «:  is  prrpenHif  ular  lo  A[i,  and  ihere- 
Im*  also  pcrpciMlicular  to  the  lines  of  force  of  the  field.  During;  llic 
ponion  CS  uf  the  palh,  since  the  direction  of  motion  it  pcrjiendiciilAr  to 
the  force,  no  work  is  done.  During  the  passage  from  A  to  <•,  *incc  the 
brce  actiiqt  00  the  jiole  is  m//,  where  in  is  tlw  sircnglli  of  the  pole,  the 
work  done  is  mV/.AC,  Hence  ihc  potential  cnerEy  ^"^  ''  ^°'^  pole* 
when  the  magnet  is  at  XH  \»  __ 

Now  the  itiailgtos  Acs  and  aks  are  similar.    I'herefore 

Thus  the  pciieniial  cneriO'  is 

t 

EquaiinR  ihe  potciiliat  energy  at  the  cxirvme  elangalion,  when  the 
kineiic  rneri^  is  mo,  to  Ihe  kinetic  encr^  when  lh«  magnet  h  pauine 
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lbreu][h  lis  pMitkxi  of  re^i,  and  IherHbre  iic  poteotial  enci)>y  is  le 

we  get  

tmHAS*    %^ASfK 

;     — rn^' 

Nov  if  ib«  iimpliiiute,  Q,  ttl  Uie  vibntiunii  is  uoall,  tbe  chord  as 
be  lakcn  a&  equal  lo  ihc  arc  (as).    Then 


But  m/».1/.     Hence 


7». 


or 


.iTS* 


'  '428.  Measurement  of  the  Strength  of  a  Btagnetio  Field.— Wc 
liHvc  tccn  ti)  ihc  lasi  sc<:tJoii  ttiat  ir»  mii);iici,  of  vlikli  tlic  inomenl  i»  .V 
and  the  muiDcnt  tA  inertia  is  K,  vibtstcf  in  a  niasneiic  field  of  stren^ 
//,  the  periodic  liaio  /  of  the  vibration*  b  given  by 


'-v.^;- 


Hence  tf  we  meunre  7*.  and  know  A'andJf,  we  cui  calculate //.  Tbe 
moment  of  inertia  ^ctUl  either  be  calculated,  if  ihc  magnet  i»  uf  n  simple 
and  regular  shape,  ur  il  can  be  detemiined  vxpC[im<.'nlally.  )  jrncc  w 
have  only  .>/  and  //  lu  dctermiaei  so  lliai  if  by  any  uilicr  experiment  m 


P 


cnn  get  a  second  relation  bem-cen  ^f  and  H,  say  their  ratio,  wo  could 
calculate  both  of  ibem. 

Nuu'  u't  have  obtained  in  •$  426  cxpre^tiod'i  for  ihe  couple  ciiuicd  hy 
the  action  iif  one  magnet  on  another  when  lliey  aie  placL-d  in  ccnain 
rrlalive  jiositinnt.  Siippotc  now  a  magneliaed  needle  m  {y\%.  415)  is 
Mispended  by  a  fine  thread  in  the  given  ntiijinclic  field,  ihcn  ii  will  Mt 
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i(!«]f  paralle)  la  the  direction,  ba,  dF  the  field.  If  aow  we  plac«  lh« 
nugiwt,  of  which  wc  h.ivc  cibscrvcd  ihc  prriod  of  vibration,  in  the  position 
KS,  it  will  exert  a  couple  on  ihe  nettle,  which,  if  tlie  distance  op  is  great 

compared  (o  the  sixes  of  Ihe  in%|[nett,  is  e<|ual  to  — w-i  and  hence  ih« 

needle  will  be  turned  into  some  surh  pntition  it*  that  thovn  in  the  ligure, 
and  will  liiuilly  come  10  rest  when  the  deflecting  cotipic,  duo  to  S's,  is 

equal  to  ihc  couple,  (ending;  tu  brin^  it  back  Into  the  direction  itA,  due  to 
the  Ikld. 

If  6  is  the  angle  which  the  axis  of  the  needle  m»ket  with  the  lines  of 
force  of  tile  lield  "hen  it  comei  to  r«t  under  the  combined  infiucnce  of 
the  macnet  Ns  and  of  the  field,  the  couple  acting  in  ihe  clockwise  direc- 
tion due  to  the  tnagnet  is  ^  --j—  cos  &,  while  the  couple  aciin^  in  the 


opposite  direction  due  to  the  lield  is  AfH  sin  B. 
Iibtiuin  these  must  be  e<iual,  and  hence 


When  there  is  equi- 


2M.\f' 


coi&=Ar/fi\a6, 


r; 


=^tantf. 


If  then  w-e  meAsiitc  the  distance  between  the  centres  of  the  magnet 

But  we 


and  needle  and  the  dellection,  we  can  calculate  the  ratio 


M 

N' 


hs^x  already  seen  that  the  vibnitiuii  cxpcriiticnl  giict  ui  the  value  of  ihe 
product  .t///',atwlhcDceby  simple  algcbm  the  values  of  the  two  qiuntiiics 
\f  and  //  can  be  cal<~ulaicd.  Therefore  by  measuring  the  periodic  time 
fi  a  magnet  of  known  mnnicnc  of  inertia,  when  suspended  in  a  given 
magnetic  field,  and  then  determining  the  angle  through  which  a  needle, 
iDtpended  ta  the  same  field.  \i  deflected  by  this  magnet  when  placed  at 
s  known  distance,  we  can  obtain  both  the  strength  of  the  field  and  the 
aagneiic  moment  of  the  magnet.  Of  course,  when  performing  the  deAec- 
tioB  experiment,  the  magnet  .v.s  might  be  placed  in  the  "  u  pusitioi^"  in 

■luch  case  ^-i;*  Ian  & 

a 


CHAPTER  II 


TERRESTRtAL   UAGSBTtSM 

4Zi.  The  Mafrnello  Elements.— The  moiit  important  majn^eiicl 
with  which  *f.  li.ivc  li>  rill  is  ih;il  iUio  lo  the  ma^rnclic  ttate  of  th«  wnh. 
In  order  tri  he  able  to  Mate  ilic  ixindiiion  of  ihe  nugnctic  fidd  of  tbc 
canh,  or  m  wc  n\ny  my  for  sliort  tlio  earth's  licld,  «I  any  point  >tc  rci{ui(c 
lo  know  two  t)iiiiK%  (l)  thedirecliuii  uf  ll)«  lines  of  force  of  (lie  Aetd,and 
(]>  ilie  itiength  of  the  field  1'hat  is,  we  <n)iit  the  direciiun  in  irhidi  t 
single  unit  north  (k>Ic  wuuld  (end  to  mm'e  under  ifae  influence  of  (he  6M, 
ami  alio  the  force  which  would  net  upon  it.  We  buve  hitherto  sappooed 
th.ii  the  dircciion*  of  the- lines  of  force  of  ihe  ma^Eiietic  fieldi  uiih  wUck 
we  have  been  dealinj,'  wccc  lioriionial,  so  that  a  majfnetised  needle, 
which  was  suspended  or  pivoted,  to  a^  t«  tiim  about  a  vcni»l  axii,  mi 
able  to  id  ii»clf  p:ira]|el  to  the  lines  of  force  of  the  field.  Il  a  long  itiin 
unnuKnetixcd  bar  of  »iccl  is  mipendrd  by  a  fine  thread  so  that  it  hang* 
in  a  horiionial  position,  and  it  then  inajinciitcEl,  it  will  set  iiicif  in  an 
approximately  north  and  toiiih  position,  but  will  no  longer  be  Iiotironul. 
In  this  pan  of  the  globe  the  nonh  end  will  dip  downwards.  Tlut 
indicates  tli.ii  in  these  pxris  the  lines  of  force  of  ilic  earth's  field  are  not 
lioiiionul,  but  are  inclined  downwards. 

Tor  mo«  purposes  il  is  ton^'enicnt  (o  suppose  the  earth's  field  rc«ih-cd 
into  two  components,  one  of  which  is  horitonial  and  Ilic  other  vertical. 
Since  a  maKneiic  field  is  of  the  nniiirc  of  a  force,  having  tnagniludc  or 
Birenstlianddirection,  thelicldniay  be  resolved  into  two  component  fields 
just  as  a  force  !n  §  67  is  resot»-ed  into  two  coiuponeut  forces. 

In  order  to  define  each  of  ilieic  eoniponenis,  u-e  require  ofconne  to 
know  lis  direction  and  lis  sirengih.  In  ihe  case  of  the  horizontal  com- 
ponent ilsslrensth  is  called  the  horiionia!  forcc,anditt^ncr.-(lly  indicated 
hy  Ihe  letter  //.  Since  by  mpposiiion  this  roiiiponcni  is  horiiontal,  in 
order  to  define  irn  direction  wc  only  reqviire  10  know  the  an^fle  which  il 
makes  with  some  fivcd  diirnion.  The  fixed  ditcciion  chosen  is  ihe 
){i.*0);riiphical  mctidi.in.  and  tlic  aii^le  whi<h  tbe  lioiiionlal  force  makes 
H-ilh  the  K<'Ok''itI>bical  meridian  is  called  (lie  rfrc/iWii/ww,  or  sometimes 
the  t'jriatitm. 

The  vertical  tomponcnt  of  the  cnnh's  field  Is  called  the  vertical  forcc^ 
and  is  generally  indicated  by  ihc  leitcr  I';  its  direction  is  alon|[  ilie 
vertical,  i.f.  tbe  radius  of  the  earth  at  the  point  considered. 
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Tbe  xciual  MreDmih  of  the  ranh's  ticld,  nliich  ii  of  course  ilie  mullant 
'  //  iind  K,  ift  called  ihc  total  force.  ,^TIic  angle  bc[««en  the  lines  of 
force  of  (he  eniiU's  6e!il  uiul  llie  homonial  is  called  the  i/i^'  Hence  ihe 
dip  U  a\*a  ilie  nn^'e  belweec  the  difcciion  of  ihe  ' 
boriwnial  coniponcni  and  that  nf  the  lota!  focrc  or 
actual  Ucld.  |Tlie  three  magnetic  forcct,  Ihe  lotal 
force  and  iis  two  coi»poit<rnis,  A' and  I',  rnvtsx  of 
caane  lie  in  the  same  v-eriical  plane,  the  aiij-le 
which  thii  plnnc  miikcs  with  a  vertical  plane  tun- 
iftinintt  the  pla4x  cunsideted  and  ilie  axis  about 
which  the  eanh  turn*,  that  is,  the  inendian  plane, 
is  equal  to  ihc  dcclinalion.  I 

Klhc  plaac  pf  the  paper  U  taken  a^  llic  t-ertical 
plane  in  which  the  total  force  and  it^  components 

Ge,  and  OA.  OU,  <ind  oc  (Fig.  416)  rcpretcni  in 

DMipuittde  and  direction  ibc  horiioni^il  iind  vertical  components  and  the 

total  foice,  then  the  an^lc  \oc  or  9  will  be  the  dip.    Hence  if  the  lotal 

force,  oc,  is  called  /,  ure  have  frani  the  triangle  aoc — 


Fic  4i«' 


W 


Y=cos  ft 


Also  from  the  triangle  iOC  since  the  angle  HOC  ta  90"  -  ^ 


^umJ  finally 


^-cosBOC>->ia9, 
V 


Ti 


-tan  ft 


TTn^e  three  exprestiont  permit  of  our  obtaininR  V  and  /  if  wo  kttour 
Ihe  lw«i(omal  (oniponent,  H,  and  ih«  dip^  d,  or  if  we  know  f  and  H  we 
out  obtain  /  and  ft 

Hence  it  i*  evident  that  If  we  know  tbe  d,«cn&atioa,  ihe  horitonlal 
component,  ai>d  the  ^m^ne  can  deduce  the  direction  anil 
ntenjpn  of  the  eanb's  field.     Since  it  is  gencrall>'  n>i>st 
convenient  ti>  meajiure  these  ilitcc  quantities,  Ihcy  aie 
otiied  the  wutgnetic  fUmrnfu^ 

It  is  sntnetime^  o<ni«nieni  to  be  able  10  express  tbe 
direction  aiul  nu|{nitude  of  ibe  ratili's  lirfd  Ir}-  three 
quantities  which  are  all  of  tbe  larac  nature,  and  mH,  as 
we  have  done  almve,  )ty  means  of  a  force  aitd  two  angles. 
Suppose  we  resolve  the  bntiiontal  component  atonic  a 
fine  which  points  to  the  tnie  of  ccographica)  north,  and 
ftkny  a  line  inw  w«si.     If  .V  is  tbe  northerly  cooiponeni  and  Y  tin 
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«(«Merty  cnmponeal,  then  it  u  at  mux  crideni,  from  Ftg.  417,  thil  41' 

the  dci-.IiMiKNi,  

.\«//coa  8, 

K  . 

HciKc,  if  wc  know  A' and  1',  »e  t.in  calculate  J{ anA  &.  Tba»  tb>n!» 
of  tlic  throe  components  of  ibe  fun-c  X.  i',  and  I',  jtK  auilScictit  Id  1^ 
pkttiy  d«lin«  its  vaUie  both  in  moKnilude  and  direction. 

UcAhv  proceeding  to  consider  the  general  K>mt  of  t|>«  earth's  oMa 
deduced  fioia  a  study  or  the  meaxutcntcnK  whicli  hav«  been  maife  oiit* 
mai;nctii:  ckmcnti  ai  difletcnt  patts  of  the  canh'»  iMirfacc.iiwitlbeiiM' 
to  briefly  conHdcr  the  methods  employed  to  meaniiv  the 
demrms  at  any  i^ven  place. 

430.  IIiMuureiii«nt  of  the  l>ecUDatfon.-{The  tieclination  » 
aDgle  betu-een  the  );eo(,'niphical  rocndlan  and  the  direction  of  tlir  In*-) 
(0«(al  cumponent.J  Thui.   since  a   maj^nct  when    siupcnda)   by  a 
thread,  no  a«  to  luro  freety  about  a  i-crtical  aw,  wi)|  set  itself  panBd 
ta  the  dircctioii  of  ilie  line*  of  fom  of  the  hofitontal  compoDem,  I 
declinaiton  can  be  obtained  by  mcaiurin^  the  angle  between  tbe  asat 
such  a  tnspcodcd  miij^ei  and  the  invridiati. 

^The  practical  difficully  in  pcrfonninjf  the  cxpeiiment  lies  in  llic^i 
that  tbe  guunetic  axb  ofa  tnagtict  doo  1104  ncceuarily  coinckh  Mk  a 
jECumetrical  aii».) 

The  rnasnct  tHuolly  employed  cniiiM*  of  &  boUow  mccI  iryBMler,  ( 
(Fig.  418),  which  n  lixed  in  a  bran  collar  to  which  are  aiucheU  im 
peg*,  U  and  Ct  Cither  of  whidi  fits  into  a  clip  aitaclwd  to  ihe  end  ofa  tet 

Ihrcad  frmncd 
tin^pun  Mit  M 
one  end  nf  Ihe 
hoJIow  nti^tM  M 
placed  a  fine  »ak, 
S,  engnivrd  tin 
piece  of  glaiii,wbik 
at  the  mhcr  end  ■ 
placed  a  tena, 
Thu  btad  JengUt  of, 
litis  len«  Is  njuat  t» 
Ihe  lentilh  of  ihc  cylinder,  m  that  ll>e  rays  of  liifht  prtKeedini;  fram  b>>- 
poinl  in  ihe  stale  s  leave  the  Ien»  as  a  parallel  pencil  Tlvc  liite  )ointa( 
ibe  ceoual  division  of  ilie  scale  aod  ibe  optical  cenltr  H  348J  of  ihr  Ice* 
is  tnVcn  as  the  jicomctncal  ax't  of  the  tnagnet. 

If  All  <'l..  riK.  419)  i«  Ibe  plan  of  a  ma^nic  nrcdk  mupeodod  by* 
fine  threiut  allached  at  C  and  of  vhicb  tbe  magnetic  axis  is  «m,  then  il 
aiU  MTt  itself  with  Uh)  majtneiic  axis  in  the  tnagnctic  metidtan  K&.     In 
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ihis  taw  tlic  geometrical  axn  of  tlw  iMcdle  potnit  10  iIm  u«m  of  th« 
ma);»«ii<:  incndian.  If  llie  needle  ii  revened.  so  tlul  wliJit  mu  itie  towet 
shIc  is  now  ihc  upper,  th«n,  aa  ii  shown  nt  II.,  ilic  jfeameirical  axis  ab 
win  point  as  &r  lo  ihc  casi  of  the  inajinctK:  meiidian  m  ti  did  before  to 
ihe  west.  Hcnrc  the  iiM^netic  nwniJiitn  ii  lialf-vay  beiwcrn  ili«  po&itiotiii 
of  lh«  gcomcirical  axU  before  and  alter  tho  [cver^al  of  the  miif;net. 

Tlio  cylinilrical  magnet  shown  in  Fig.  418  is  suspended  in  .1  Inx  fixrd 
to  the  cetitie  of  a  divided  circle,  while  an  arm  attached  10  the  circle 
carries  it  smiill  telescope,  in  ibe  ejre-piece  of  which  are  two  inicrKdinx 


TroS-wires.  The  telescope  is  luroed  till  ibc  centre  di^iskm  of  the  tcale, 
.Srnincides  with  the  vertical  cmsa-it-ire.  lirsi  when  ilieioagnei  is  suspended 
by  II,  aikI  ilten  when  it  is  reversed  ami  is  suspended  I)y  c.  The  inc-.tn  ol 
tiK  readings  on  the  divided  circle  irixrctponding  to  the^c  two  positions 
giTes  ibe  reading  coire*pondinj(  lo  tlie  maf^ctic  axis  of  tlie  ni.ii.Tiet.  The 
reading  corresponding'  to  the  geographical  inei idian  is  obiaiiKd  either  1>y 
turning  the  telescope  10  view  Mine  <A>ject  tl>e  bearing  uf  wliicli  is  known, 
o*  by  obterving  the  time  of  inrnsit  of  a  star  or  the  »«n  over  ihc  wnical 
irrosS'win; 

43L  Determination  of  the  Dip  OP  Itifillnatlon.  -When  deiermin- 
in|;  the  declinaiion  hy  means  of  a  magnet  suspended  liy  a  thread,  the 
effects  of  gravity  on  the  mai^net  do  noi  influence  the  observations,  for  the 
weigbt  of  the  magnet  wilt  lin\-c  no  effect  in  producing  a  rotalkm  abuat  the 
thread  as  an  avis. 

In  order  lo  determine  the  dip,  however,  we  hare  to  support  a  magnet 
so  that  it  can  turn  fteel)-  about  a  Mtmarnta'  ajiis.  and  then  ineasore  iho 
angle  which  its  magnetic  axis  maken  with  ibe  hoti«in(al.  If  llie  axis 
about  which  the  magnri  is  allowed  10  lum  passes  thniagh  the  centre  of 
gravity  of  the  nui; net,  thr  a'i.'i);ht  will  have  no  moment  roimd  this  aiis, 
and  will  therefore  n'<\  affect  tlie  position  of  the  mnnnet.  Since,  howe»-cr, 
;  K  practically  inipossibfe  lo  secure  this  condittoo,  the  nlMeiv.-ilions  have 
M)  arranged  thai  eiton  due  10  small  departures  from  ihis  rondiiion 
ij-  be  eliminated.  The  principle  i»  similar  to  that  emplojcd  in  ilw 
caM  of  Ibe  determination  of  ihe  dcchtuuion,  vit.  to  bike  readings  111  pairs. 
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vreMerly  component,  Uien  i<  b  «  once  crident,  from  ('ig.  4 1 7,  tlut  if  B  li 

the  decIinatUm, 

.\  =  /^  cos  d, 

r-^  sin  ft, 


Y         , 
^— tan  A 


I 


Hcnrc,  if  Hi:  know  A' and  K,  wc  can  calculate  ^and  &  Thus  the  valuet 
of  lite  three  <X)mpnnems  of  die  force,  .V.  >',  and  I',  are  suRicieat  10  com- 
pletely detine  lit  vaUie  bMh  in  mat^iiude  and  direction. 

Btrfiure  proceeding  to  coo&ider  the  general  fuim  of  the  earth's  bi^ld  u 
deduced  fixim  a  study  of  the  rocaiuremenii  which  have  been  made  nf  tlie 
inagiMtk  elerocnii  iii  dilTercni  parts  of  the  earth's  ntr&ce,  it  nil!  be  useful 
to  bticfty  coflfider  the  mc(hi>df  emp!o>-«d  10  meonre  the  mngnelie 
elempiits  ai  any  jjitcn  place. 

430.  Heasur«ment  of  the  DecliDaUon.-f'rhe  declination  it  the 
an^le  between  the  se<%raphira]  meridian  and  the  diiectioit  of  the  hori- 
(ouul  coinponenL)  Tlitu,  since  a  maifnci  when  su&pcndcd  by  a  line 
thread,  so  as  In  turn  freely  about  a  vcrtica]  axit,  wilt  set  itsdf  parallel 
to  the  direction  of  the  line*  of  force  of  the  horiionial  component,  the 
declination  can  be  obtained  by  measuring  the  angle  bcivcen  the  axis  of 
such  a  suspended  magnet  and  the  meridian. 

,  The  practiad  difficulty  in  |>crfonnitj(f  the  experiment  lie*  in  the  laci 
that  the  inax'nelic  axb  of  a  magnet  does  not  necessarily  coincide  with  tis 
gcomctrital  .nxls.l 

The  magnet  'itsiially  cmpIo>ed  consists  of  a  hollow  sieel  cylinder,  * 
(Fig.  418),  which  is  tixcd  tn  a  brass  cotkr  to  which  ate  attached  two 
pegs.  It  and  c,  either  of  which  (its  into  a  clip  attached  to  the  end  ofa  fine 

thread  formed  of 
unspitn  silk,  hx 
one  end  of  the 
hollow  magnet  is 
placed  a  fine  scale, 
Xi  engraved  on  a 
piece  of  gla«t.  while 
at  I  he  other  end  is 
placed  a  lens,  U 
The  fotnl  length  of 
this  lens  is  equal  to 
the  length  of  the  c>-1inder,  so  that  tlie  rays  of  light  proceeding  from  any 
point  in  the  scale  s  leave  the  lens  -.a  a  parallel  pencil.  The  line  joining 
the  central  division  of  the  scale  and  the  optical  centre  (§  J48}  of  the  tens 
\y  taken  as  the  gcomelncat  axis  of  the  magnet. 

If  AD  1 1,.  Kig.  419}  is  the  plan  of  a  magnetic  needle  nupended  by  a 
fine  thread  attached  at  C,  and  of  which  the  magnetic  juis  11  «/,  then  it 
will  set  itself  with  the  magnetic  axis  in  the  magnetic  meridian  Ns.     In 
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(his  caM  the  gconierrical  axis  of  the  needle  points  10  the  «M  of  the 
magnetic  meridian.  If  the  needle  is  rei-ersed,  m>  tliat  what  w.*a>  tlic  lower 
■ule  U  now  the  upper,  thi^n,  ;is  is  shonn  at  II.,  the  tjeomeiricul  xa*  ab 
irill  point  as.  far  to  the  ca^i  of  ihe  iTingnclic  mcridiun  -u  tl  did  bcfnir  to 
ihe  wc*t.  Hence  ihcina);nctic  meridian  it  lialf-way  bet««m  the  pinitions 
of  ilie  geoinciricat  aiia  before  and  after  the  reverMil  of  the  magnet. 

Tlie  cjrtindriaii  magnet  sliown  in  Fig.  418  ii  suspended  in  a  box  fixed 
lo  the  centre  of  a  divided  circle,  while  an  arm  attached  10  the  circle 
carries  a  small  telescope,  in  the  e)'e-piece  of  which  are  two  inierscctin); 


Fic  419. 

crD»«-wire$.  The  telescope  it  turned  till  the  centre  division  of  the  scale, 
s,  coincidea  with  the  vertical  cross-wire,  first  when  the  magnet  is  suspended 
by  B,  and  then  when  it  is  re^-ersed  and  u  suspended  by  r.  The  mean  of 
llie  readings  on  the  divided  circle  corrrsponiiini;  to  ihrsc  two  poiitioni 
Itivei  the  reading  corresponding  10  the  magnetic  axis  of  the  ni.i),:nct.  The 
reading  corresponding'  to  tli4.-  );eugraphical  meridian  is  obuliied  cither  liy 
Inming  the  telescope  to  view  some  object  the  bciring  of  which  is  known, 
or  by  observing  the  Iinie  of  traniit  of  a  star  or  the  sun  over  the  vertical 
rro^s■wite 

43t  Determination  of  the  Dip  or  Inollnatlon. -When  determin- 
ins  ibe  declination  by  means  of  a  magnet  suspended  \t\-  a  ilircail,  ihc 
efiecii  of  {;ravily  on  the  mnj^net  do  not  influenrc  the  olMcrva lions,  for  the 
weight  of  the  nuigne*  will  have  no  effect  in  producing  n  rotation  about  the 
thread  as  an  anis. 

In  order  10  deiennine  the  dip,  ho«-cver.  we  have  to  support  a  magnci 
M  that  it  can  turn  freely  at»iit  a  konsoiiia'  axis,  and  then  measure  the 
xa^  which  its  magnetic  ants  makes  with  the  horiioniaL  If  the  axis 
abottt  which  the  magnet  is  allowed  to  iiim  p.isses  ihmiigh  the  centre  of 
gravity  of  the  nixgiiet,  the  weight  will  have  no  mnincni  round  this  axis, 
and  will  iherefore  not  alfcct  the  position  of  the  magnet.  Since,  bou-cver, 
tl  is  praclxally  impossible  to  secure  this  condition,  the  obsennltons  have 
lo  be  so  arnin}:C4l  that  errors  due  to  snuill  drparturcs  friwu  this  condition 
may  be  eliminated.      The  principle  is  similar  to  that  emplo>-ed  in  llie 

!  of  Ihe  determination  of  the  declination,  via  10  lake  readings  in  [win, 
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turli  (hat  tli«  trrcM  in  the  separate  readings  allccts  the  result  in 
oppoute  vay,  jukI  Iwnce  ibe  mean  of  the  «ro  readings  giTcs  ibe  ' 
value. 

Suppose  ARBD  (Fig.  410)  is  ibe  needle,  the  nxle  bcii^'  at  C,  while  ' 
centre  ai  graviijr  it  at  U,  a  poiiil  which  <l(m  not  coincide  nrjth  c 
may  considei  the  eCfect  or  llti*  disphcamcni  of  ilw  cenlte  of  Krariiy  i 

iplit  up  into  two  pAits,  one] 
diBplftcemeni  alonj;  the  axii  of 
the  needk  to  k,  nnd  ibe  other 
a  diipUccmicai  ri  right  tixi^<a 
10  the  axis  10  tL 

First  consider  tlic  displace- 
ment of  the  ccnire  of  Kravii/ 
at  riijht  ancles  to  the  axii  of 
th«  needle,  i.€.  10  11.     If  the 
end  A  is  dippintc,  ih:ii  ii,  in  the  nortfacrn  licntiiphere,  if  A  is  a  nortli  pofe 
and  ihe  needle  is  pinoed  in  iis  bearingi^  «i  that  H  is  ahme  c,  the  tJTen  ^ 
oftheiteight  of  the  iiccdle  <rlll  be  to  JncreaM!  ihc  measured  dip,  while  JfM 
tbe  needle  in  revcraetl  in  iis  bearings,  so  that  h  is  below  c,  ibe  ■■eight  will  ^ 
decieoie  Ihc  measuced  dip  by  the  same  ainouiiL    Hence  the  mean  of  the 
rodings  obtained  will  be  free  from  enor  due  to  the  displaccttwni  of  tbe 
cenrn  of  gravity  at  ri^cht  angles  to  Uie  axiii. 

As  long  a»  tbe  end  a  is  dipping,  the  diipbccmem  of  the  cenire  «( 
gravity  alonj;  ilie  axis  to  K  will  jilw-ays  increase  the  nieaaurcil  angle  of 
dip.  If,  however,  we  /i-maKni'tiM!  Die  needle,  so  that  ihe  end  B  dips, 
then  ihe  displa<;ttncnl  of  ihc  cintn-  uf  gravity  tu  K  will  decrmse  the 
ineasimd  dip,  so  that  by  reversing  tbe  polaniy  uf  the  needle  this  crnir 
can  bo  eliminated.  The  faci  tli.it  the  m.is»etic  axis  of  the  needle  may 
not  cointidc  wiili  the  line  joining  .vn  it  climinnicd  by  ihc  rei'crsal  o<  ihc 
needle  wlii-n  eliininaiing  ihc  effect  of  ihc  dispkcrnient  of  the  ceniiG  of 
gravity  perpendicular  to  ihe  axis,  for  (he  same  reasons  as  in  the  case  of, 
(he  dcclinalion,  f 

In  order  to  inraiuie  the  angle  of  dip,  Ibe  ne^le  v-  placed  o-ith  its  axle 
resting  on  two  unalt  horixonial  agate  knifccflges,  K.  K'(Fig.  42i),soihat 
the  axle  is  ai  the  centre  nf  a  graduated  circle,  any  ^iHght  warn  of  agree* 
vncni  between  the  pnsiiion  of  the  axle  and  the  centre  of  the  circle  being 
elimiiuiicd  by  reading  the  position  uf  both  ends  of  iVic  needle  by  nieans 
of  Ihc  two  micrciscopCK.  M,  M'.  When  not  in  ii*e  the  needle  is  raised 
from  the  ati^te^  byineaiw  of  two  V■^hilped  sujuiort*,  l-L',  which  can  be 
raised  by  turning  the  knob  K. 

Tbe  only  remaining  source  of  error  which  may  oeciir,  owing  10  ihe 
iinpcrfcel  adjiistmenl  of  ihe  inMrumcnl,  is  lh.'»l  due  to  llic  fact  that  ihc 
line  joining  The  tero  grad:«iions  on  tlie  circle  may  not  be  truly  borimnlal 
The  error  due  to  this  cause  can  be  eliminated  by  l.sking  two  scls  of  read- 
ings with  the  insirument  turned  so  that  Ute  graduated  side  of  the  uide 


I 


8«0 


Measuremenl  of  the  Dip 


631 


fitcn  fint  east  and  then  west  For  the  measured  dip  will  in  one  case  be 
grcatci  ilun  the  irac  dip,  nnd  in  the  Aihnr  case  lc«i  by  the  angle  which 
the  line  ji>ining  the  irxo  niakc«  »ith  the  horijonia!- 

Tlie  iinglc  belwecH  tli«  luayiielic  asis  «f  tlie  nfCiileand  the  hoiiinniiiT 
i»  only  r<|ua!  to  the  dip  when  (Ik:  vcrli<;iil  plane  in  wliicti  llic  ii*«dlc  can 
turn  rninciilcs  wilh  ihc  mngnelic  meridian,  ih.il  is,  nhcii  lh«  axle  of  the 
nc<^k  points  due  niBi-neiic  east  and  west  In  ordeno  secure  this  condi- 
tion, the  circle  is  turned  till  the  necdk-  is  fonical.    The  ueedle  betni; 


renical  shows  ihm  in  theplnncimithkh  it  canmoi'eiheteii  nnliorizumal 
oonipoiienl  of  iIm  urth's  tna^nclic  ^Id.  Now  obrioiuly  this  can  only 
OCTUT  iiYkxi  live  plane  in  which  the  needle  mm-cs  is  ai  rijjht  anjc'es  1o  the 
Hifcciion  of  the  haniontal  component,  thai  is,  at  right  angles  to  the  mag- 
nrtic  meridian.  We  may  also  see  that  this  mint  be  so  (rmn  ihe  follow- 
ing reasoning  :  \N'hen  the  3\tc  aI)oul  which  the  nccilte  turns  is  parallel  In 
the  horiiontal  component,  this  component  can  have  no  ■□omeni  tendrtiK 
I      to  produce  raiaiion  about  the  axle-     Hence,  when  tli«  plane  in  which 
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the  Dcetlle  turns  is  at  right  angln  to  the  niaj;nciic  meridian,  th«  vertical 
campAiieni  is  the  only  one  which  has  a  diteciivc  influence  on  the  n«cille, 
which  ihcirfoic  k\s  iltclf  in  a  vcniral  position.  The  po^iIion  of  the 
circle  when  the  needle  isxcriical  is  tcad  off  on  a  horimoMl  divided  rirde, 
FU,  attached  to  the  ManU,  and  then  by  means  of  this  ?»inic  lioriiontBl 
circle  the  vertical  circle,  ojid  wiih  it  tlie  uprighM  carrying  the  needle,  is 
turned  tbtou({h  90*,  uhici)  btiiig*  ii>  plane  into  the  niagnenc  meridian. 

432.  Measurement  or  the  Horizontal  Force.~InurderiutiieasuTe 
the  horjntit.il  force,  the  usuiil  method  CTiiploycd  is  that  gi^-en  in  §  428. 
The  magnei  shown  in  Fig.  4t8  is  first  allowed  tii  oiciUate,  and  w  period 
erf  vibration  is  determined  ;  it  is  then  used  10  deflect  another  suspended 
roagnet,  and  the  i-aliw  of  H  is  deducted  from  the  results  of  these  luo 
experinienis  by  the  method  given. 

The  moment  of  inerti.i  of  the  magnet  used  in  the  vibmtion  experiment 
is  obtained  by  taking  the  period  when  a  br:i&s  cylinder,  the  moment  of 
incnia  of  which  can  be  calctilnicd,  is  placed  in  ihe  tube  Ii  (Fij[.  <i8), 
and  also  tJiking  the  period  without  this  brass  (vlinder.  Kiom  ihrsc 
two  otnerrationa  the  moment  of  inertia  of  Ihe  magnet  and  lis  appendages 
can  lie  calrulaied. 

433.  TerrdStrial  Ma«metiC  Llnes.—The  magnetic  state  of  the  earth 
it  best  shown  by  coniiructing  majcneiic  maps,  in  which  linrs  arc  drawn 
tkrtHigh  the  places  ai  which  ihc  element  considered  has  the  s*nie  value. 
In  the  case  of  declination,  lines  drawn  so  that  the  declination  is  the 
same  at  all  places  ihroii^ih  which  they  pass  are  called  /M'^aai  Una,  or 
Lines  of  equal  \'ariation  or  Ueclinatioa.  ~'     ~'    ' — " 

The  form  ol  the  isogonals  for  the  )-ear  1900 is  shown  in  Fig.  41s,  which 
rcprcscnis  the  earth  on  Mercaior^i  prnjeciion.  The  full  lines  indicate 
wtsicily  declination,  i.*.  the  north  end  of  the  needle  points  to  the  west 
<if  tnie  nocih,  while  the  dolled  curves  indicate  easicrly  declination. 

'lite  thick  lines,  which  scpainic  the  regions  in  which  the  declination 
b  wewerly  from  ilie  regions  in  which  it  is  easterly,  are  line*  where  the 
dedinalion  is  >ero,  and  therefore  the  compass- needle  points  due  north. 
These  lines  are  called  the  atonic  tin^i. 

There  are  two  distinct  agonic  lines.  One  of  these  nins  down  the 
w«tt  side  of  North  America,  cuts  off  a  pan  of  South  America,  and  then 
passea  to  the  Aniarciic  Ocean  ;  reappearing  on  ihe  other  side,  it  passe* 
through  the  exlren>c  west  of  Australia,  through  the  Persian  Gulf,  near 
Uie  Crimea,  and  finally  enters  ihc  Arctic  Ocean  near  ibc  North  Cape, 
xikI  preswnabty  joins  the  other  branch  in  Nonh  America.  The  oi  her 
agonic  line  fonns  an  oval  curve,  Ihe  greater  part  of  which  lies  in  Siberia, 
and  is  known  a*  tbe  Siberian  Oval. 

lite  lines  of  e(|Ufil  dip  are  called  inxliMul  lintt,u><i  their  form  for  the 
year  1900  is  shown  in  Fig.  41 }. 

It  will  lie  seeti  that  the  line  of  lero  <lip,  or,  a*  it  is  1 
eqmor,  forms  a  circle  which  agrees  approximatdy  1 
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equator,  anil  thjt  tli«  dip  inrreatcs  with  ilic  1aiitud«,  the  nortb  pole  cf 
the  iie(>illc  (lipping  in  ilie  nonbcm  hcniiiipbcic,  aitd  llie  Mwifa  pole  iatbt 
Bouthent  bemivphcrc 

At  loQ  [KM&tt  on  the  nnh's  surCicc  the  dip  is  90*,  i^.  tbo  dippiot- 
needle  n  vertical,  thii  indkatinjc  that  tlic  horiiontal  conipoiteni  »  Ktt^ 
M>  that  the  comiMH-ncedle,  which  indkaiesihedirc^iion  of  the  horii«ctil 
compnDcnl,  "ill  txM  »ct  ii»elf  al  thc^te  point*  in  any  delinilr  direction. 
These  potRl»  arc  oAcn  oiled  ihc  mit(;nctic  polc^.  The  north  magnetic 
pole  lies  in  lat.  70*  s'  N.  and  long.  96'  43*  W.,  while  the  south  inaj;ne{ic 
pole  ■>  xt  bt.  73*  yi  S.  and  long.  1 47'  yi  E. 

The  OKonic  hne  puses  IbTOu^li  ihc  nuignetk  poles. 

I'be  Knc«  of  equal  liuriiontal  furce  are  iliown  in  Fi;.  4:4,  aikI  it 
be  seen  that  the  horiiontnl  force  is  a  ntiuiruuiu  near  the  C()Ujiiot,  and 
leiD  at  the  mnjineiic  pale*. 

Tlio  cun'cs  of  equal  total  force  are  called  isinfyiiamic  iinti.  The 
IMnl  force  is  not  n  ni.tximiim  at  the  magnetic:  poles,  but  there  exid 
in  the  northern  heini^pliere  two  points  ,11  which  the  total  force  n  x 
maximum,  while  two  similHi  points  exist  in  the  soulhcrii  kemispliert. 
Tliese  points  of  inaxtmum  force  aie  called  magnetic  foci.  One  of  the 
northern  foci  t«  situated  in  North  Ameriot  at  laL  53*  N.,  and  long,  ff 
W.  The  other  northern  focui  is  at  lat.  70*  N.  and  \an%.  1 1 5*  V,.,  and  i) 
called  the  Siberian  foctis.  The  two  Muihem  foci  are  sitiuied  much 
neater  ii};^eihcr  ilian  are  (he  northern  ones,  their  positions  bcin);  approihH 
niaiely  Ixi.  6$'  S.,  long.  140'  £,  and  lat.  ;o'  S.,  long.  130*  E.  ^| 

The  poiiiions  of  the  terrestrial  lines  for  iho  nholc  globe  are  neee^ 
surily  only  tnughly  knuwn,  for  there  are  »'ery  )ar(;c  Iriicts  where  few,  if 
any  at  all,  dcienni nations  of  the  magnetic  elements  have  been  made. 
Ill  ihc  c.isc  of  some  more  or  less  restritlcd  poitimis  of  the  earth,  notably 
Oreai  Britain,  the  nmgnelic  elements  have  been  dcicnnined  with  ^rtat 
accuracy  at  a  Inrjt*  number  of  places,  and  hcnre  the  terrestrial  lines  are 
known  with  some  accuracy.  In  Fig.  425  the  lines  of  equal  declination, 
dip,  and  horiionlal  force  are  given  as  obtained  in  an  extensive  magnetic 
survey  conducted  by  Profes5ors  Rucker  and  Thorpe.  Tlicsc  lines  are 
obtained  by  combining  the  results  of  the  measurements  made  at  a 
number  of  stations  which  are  grouped  tojfeilier  so  as  to  eliminate  the 
ciTcris  of  any  local  abnoi'maliiy  in  the  value  of  the  elements  ai  any  one 
point,  arid  hence  llicy  give  what  may  be  considered  as  the  norma) 
distribution  of  the  line;.  The  value  of  the  clcmcnls  at  any  given  spot 
do  not,  however,  in  general  agree  exactly  with  the  values  as  deduced 
from  theie  curves.  This  dilference  is  due  to  the  fact  thai  at  the  place 
considered  there  may  exist  slight  abnormalities,  owing  to  the  pte^cnce 
of  magnetic  innlerial  in  the  neighbouring  portions  of  the  earth's  rruvt. 
The  extent  to  wliiirh  these  disturbing  causes  may  affect  the  evnn  lrcl^d 
iif  the  terresuial  lines  is  well  showni  in  Fig,  426,  which  gives  the  form  of 
the  true  isn^Mnal  lines,  that  isi  (he  lines  passing  through  the  places  al 
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which  the  aciual  moiured  declinaiion  is  Ihe  aamc  Here  th«  ctlcris 
of  tool  <lislutbcuice*  have  not  brrn  elirninalrd  hy  liiiiipinK  the  sialions 
tognihcr  in  Kroiips  xo  ns  (o  clitnittaic  ilie  tflccis  of  these  di^Tiirbances,  at 
any  rate  when  they  do  nol  affect  any  Urge  area. 

From  the  amount  of  ihc  differcoLW  Itetwecn  the  valuer  of  the  elements 
as  obtaiDed  from  ihc  smooth  cmva  and  the  actual  meniiured  value.i,  an 
idea  of  the  posiiiun  and  extent  of  the  magnciie  masses  which  came  ihcM; 
differences  ha.->  been  made  by  Professor  Rtirker,  so  that  the  vahie  of  the 
inajtnelic  ncld  on  the  xurfarc  of  the  earth  is  einplnyrd  to  ;;el  an  idea  of 
the  trcolo)^  of  the  portions  of  itie  earth's  ctusi  beloiv  the  nriiial  surface 
la)'eri, 

434.  Continuous  Mag^netic  Records.— In  a  eeitain  number  of 
ol>ser>*atorics  a  continuous  recoul  nf  :]ic  vulues  of  ilie  inaKtielic  elements 
is  kept  by  me-nns  of  self- record  inn  [n>tnimenis.  The  records  arc  ob- 
tained by  me.in*  of  the  Irarr  left  hy  a  spot  nf  light  reflected  from  a 
mirror  attached  to  a  magnet  on  a  sheet  of  photographic  paper,  which  is 
kept  in  imiform  movement  by  means  of  clockwork.  In  the  case  of  the 
dcchiwiion,  (he  nuiror  is  simply  attached  to  a  ma(;nct  which  is  suspended 
by  a  long  fine  thread,  so  that  it  tan  tuni  freely  about  a  venical  anis.  and 
10,  by  al»ayi  setting;  ilielf  in  the  nugnelic  meridian,  jfives  n  record  of 
the  chont^c*  that  take  place  in  the  pOMlion  of  this  meridian,  that  is 
sbowt  the  chanKcs  in  ihc  declination. 

The  changes  in  the  hortionta)  force  are  recorded  by  means  of  a 
maKBCt  which  is  stis|>cn[le(l  by  a  bifilar  suspension  (§  i  ipX  The  (op  of 
the  bifilar  is  turned  till  ilie  magnet  sets  itself  at  right  angles  (o  the 
magnetic  meridian,  tinder  which  circumstances  (he  earth's  field  exerts 
a  turning  couple  on  the  m.-ignel  equal  to  mH  (§  425),  ihis  couple  being 
balanced  by  (be  coujilc  due  lo  the  bililar.  If  tbe  value  of  the  horiiontal 
•  llMCe  K  alters,  the  couple  due  to  the  magnetic  forces  alters  alio  in  the 
nnw  praportion,  and  the  magnet  turns  about  a  vertical  axis  till  the 
awhile  due  to  the  bi5lar  becoR>es  equal  to  the  new  couple  due  to  the 
nagneiic  foroci.  Changes  in  the  declination  will,  howc^'cr,  not  affect 
tlie  position  of  lite  magnet,  since  it  is  at  right  angles  (o  the  magiKlk 
meridian. 

.Siivce  no  lalisfiulory  my  of  recording  (he  changes  (hat  take  place  in 
the  dip  haf  been  dcviiicd,  it  is  usual  10  record  the  changes  in  the  vertical 
fijtce.  For  this  purpose  a  magnet  is  balanced  on  knifc  edges  in  such 
a  way  that  it  is  tu  an  approtimaiely  horiiontal  position.  If,  say,  Ihc 
vcitical  force  decnaws,  (hen  the  downward  fotce  acting  on  the  north 
pole  and  (he  upvrard  force  acting  on  (he  south  pole  bolli  decrease,  and 
bCDice  ihr  north  pote  of  the  balanced  magnet  rises  an<l  the  MHiih  pole 
felb,  just  as  u'hcn,  in  a  balance,  the  lond  of  one  pan  is  increased  and 
that  r.f  the  other  is  decrease^l.  'Hie  motions  of  such  a  balanrrd  magnet 
will  ihereforc  Indicate  the  changes  thai  take  place  in  the  ventrjd  force, 
and  since  the  magnet  with  (lie  bifilar  suspension  gives  the  changes  that 
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take  place  in  the  hnritonial  force,  the  cliaii|{e>i  in  <lip  :>iid  m  the  total 
force  tan  be  immcduitcl}'  calculaietl  fnwn  the  records  gti-en  by  the  two 
in^irumcniis, 

435.  Diurnal  Range.— As  n  rcnuii  of  n  study  of  the  records  of  tKe 
niayncionraphs,  as  the  scIf-iccordinK  nm^elii:  in»(TtiineiU*>  lire  allied, 
it  is  at  uncc  evideni  ihat  the  value*  of  ibc  magoetic  clcinenls undeigo 
btiull  daily  changes  in  tatue,  ilie  iiia^nittid«  oi  ihis  diurnal  range  de- 
pending OD  the  posilion  of  ihe  place  and  the  lini«  of  year.     The  fotm 


of  ibe  diurnal  range. curves  for  Kew  for  the  stnnmer  months  &rc  shown  . 
in   t'ig.  417,  which  yivci  the  variation  of  each  clement  from  its  mean 
vahic  for  the  whole  iwenly-fuur  huuiK.     Tlic  fact  that  the  curve  \%  above 
ihc  lero  line  mean*  Ihat  Ihe  corresponding  clement  is  greater  than  \\% 
nic4n  vali.lL'. 

436.  Annual  and  Secular  Chantre.— In  addition  to  the  diurnal 
range,  the  inagiitiic  cleiiieiila  iiiKkfyo  a  periodic  change  nf  which  the 
I>cri(id  is  a  yt-ar,  wliicli  is  called  the  annual  range. 

.Slow  changes  of  which,  if  Ihcy  are  periodic,  the  pcrifHi  muii  be  niany 
centuries,  also  take  place  in  the  values  of  ihe  cleinenti,  and  \\wv^  are 
called  secular  rhangcs.  In  fig.  4:8  the  ch.insc  in  the  value  <tf  Ihe  Jcdina- 
tion  at  London  during  the  lasl  three  hundred  years  is  shown  by  means 
of  a  turi-e.  It  will  be  seen  ih.ti  the  dcrlinalion  attained  a  nia;(imum 
ii>ei^terly  value  in  iSio,  while  in  i'>6o  the  declination  was  jcro,  &o  thni  in 
thai  year  the  agonic  line  pawed  ihiouyh  London. 

A  very  elegnni  meiliod  of  showing  ihc  tbanges  due  to  the  secular 
variation  ha»  been  introduced  by  L.  A.  Bauer.     If  w-e  suppose  > 
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sutpended  in  tiich  a  vzy  that  it  it  free  to  t«t  iisclf  pntallcl  In  the  tine*  or 
fotcc  of  tl«!  carlh's  field,  then,  owinj;  10  ieciilnr  change  in  Ihe  declination 
and  in  ihc  dip,  the  north  pole  of  ihe  in.'i|;nct  «ould  dcictibe  a  cune  in 
•pace   Tbc  form  of  tUe  curve  in  the  case  of  a  tnaEQet  tn  London  is  sbown 
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in  Fig'  439-  From  tlii<i  curve,  and  similar  ones  dtan-n  for  other  placet, 
Hauer  wa»  able  lu  show  that  ihe  nuith  end  of  such  a  freely  suspended 
ii*wlle  describes  a  curve  such  that,  to  an  observer  situated  al  the  centre  of 
live  needle,  Ihc  curve  is  described  in  the  same  direction  as  that  in  wliJch 
lh«  hands  of  a  waich  move,    llie  form  oS  the  curve  given  in  Kig.  419 
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Mcnnalio  to  indicate  ihat  ihectirve  drscril>cd  by- the  pole  of  the  needle 
Kill  be  doted,  the  time  taken  for  the  ii«cdle  to  complete  a  whole  cycle 
beiog  about  470  yean. 

4S7.  Xw>*^'l>  Stornts.— In  addition  to  the  regular  change*  In  lh* 
nugnettc  clcnirnti^  «hlrh  <re  have  been  coiukkring,  sudden  di^tutbanct 
of  tbefro  dcmcnl*  tomeiiino  occur,  which  are  ofieo,  npeoally  vheo  ll 
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phenomenon  called  ihc  uuroi:i  borealis  is  sMit,  o(  considcmbU)  aufntiiudc 
Tlic  diameter  of  5Uch  magnelic  siorm»,  as  tliey  »r«  catkil,  ii  alxta-n  by 
Ihc  copy  <A  the  phiitoftriiphip  trace  of  the  self-recoiidiag  dediiuliM 
iiiaCiiciugnph  of  Grcenwirh  Oteerratory  durinf;  a  magiwik  stonn  and 
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also  iluring  an  ordinuy  qulel  day,  repradurcd  in  Fij;.  430.  The  <aiue 
of  ihese  magnetic-  sturins  Iiits  not  yet  liccn  discnvcicd,  Ahltougli  there 
»cem&  to  he  suine  connection  hetwecn  ihcni  and  the  condition  of  the 
sun,  (or  whenever  there  arc  a  large  number  of  spots  on  the  Min  there 
atwayi  seem  to  b«  a  number  of  magnetic  disturbances. 
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CHAPTER     III 


BLECTROSTATW  ATTRACTWN  AND  REPULSION— 
COVLOMBTX  LA  W 

4S8.  Pundamental  Expertment— Thnles,  who  lu-ed  about  600  b.c.. 
diMTmcicil  that  amlict  nlien  nibbed  ac<iiiiic»  ilic  property  of  Allractinx 
liuht  bodies,  such  as  pieces  n(  piih  or  cork.  Towards  tli«'  end  of  ihc 
lUtcrnih  cmiur)'  Gilbcti  allowed  that  ili»  property  wm  alsu  posKued 
by  otlwr  bodies,  sucli  »  wax,  sulphur,  tind  glaiv  All  »adi  phenomtim 
arc  tiudied  in  the  science  of  elcctiicit}-,  ibc  name  being  dcrirect  Irani 
the  Greek  iuin>c  for  amber. 

A  body  which  has  iK<iiiired  ibis  properly  of  attracting  other  bodict, 
the  Miraclion  considered  being  of  course  difTervnl  from  llie  gravittiiional 
■tlianion  nhich  all  bodies  excti  one  on  the  other,  t*  Mid  to  be  electrified, 
or  to  p<MKtcas  electrification.  Electri^calion,  unUke  rum,  b  not  a  hinda- 
mental  property  of  mattrr,  siiKe  under  ordinary  ciTcumitaiK^s  rnatter  is 
nnelectrified,  and  it  is  only  aficf  the  elect rifical ion  h»i  been  produced  by 
certain  (.->iH«*,  which  wc  slull  examine  in  deuil  later  on,  thai  it  become* 
elect  rtficd. 

The  n>04t  tisual  ntanner  ol  cauiing  tlie  etectrificalion  iA  a  body  is  that 
referred  to  abure,  namely,  friction  with  a  xuitable  rubber.  Tfaus  a  slick 
of  s(»]inK-wa.t,  when  tulibeil  with  a  dry  piece  of  Aannd,  becoinn  electrified, 
Wi  al»a  does  a  rod  of  (('at*  when  rubbed  with  liHc 

439.  Conductors  and  Non-ConduetORL  —  .Ml  sulMtances  tiuy  be 
roojibly  divided  inio  two  clasnes,  called  conductora  and  non-conductors. 
In  a  conductor  IIk  clenrilication  spreads  all  over  the  body,  (o  ifaai  if 
one  point  of  the  body  is  by  any  moaiu  clecirified,  this  etcclriAcation 
immediately  spreads  all  over  the  body.  In  the  case  of  a  non -conductor, 
or  tnMilaior,  ai  such  bodies  are  alto  called,  tbe  electrification  does  noi 
xpread  in  this  way,  bat  rvmaini  in  tbe  iMighbaurfaood  of  tbe  point  where 
ibe  elect  rilication  toi>k  plnoe^ 

The  best  conductor*  are  the  metals  and  toluiioitt  of  mmt  salts  in 
nater,  while  the  bc4t  nrm -conductors  arc  ebonite,  f}>M,  sbdlac,  sulphur, 
paral&n.  sealing-wax.  and  silk.  There  is,  howeier,  no  ban)  antl  fast  line 
of  demanxijon  between  tbe  two  classes,  fur  such  bodies  aa  dry  wood 
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xnd  paper  have  inteniicdi»lc  properties,  ami  are  sometime*  calloi 
MRU>coiKltiCT(ir*.  In  the  slutly  of  electricity  his  of  much  iniponanceM 
hnve  X  good  non-condiicior.  Tor  by  this  mean*  wc  ar«  aUc  to  lappon  a 
body  in  such  a  way  tliat  any  elect  rifica lion  communicaicd  to  it  will  not 
spread  to  neif-hboiirin^  bodies  through  ilie  sup|X}il.  Alihott^fli  no  body 
ti  known  which  i>  a  perfect  in&ulator,  yel  glati,  particularly  vhen  il  hat 
been  bulled  in  water  iind  i»  then  kept  in  u  dry  ainwKipheiv,  parjUin,  and 
fused  quart!  are  sufficiently  ij'>o<'  insulators  for  all  practical  parpowi. 
When  n  boiiy  is  Riipportcd  on  an  insulatintc  *iand,  we  shall  speak  of  it  ai 
b^nj{  insnbicd. 

440.  Two  Kinds  or  Elecirltleatlon — If  a  rod  of  sealing-wax  It 
elccTritied  by  rubbing  with  lUnne!,  and  is  then  suspended  by  an  inuiUung 
thccitd,  »uch  as  silk,  and  a  second  rod  of  sealing-wax  is  also  etectri6ed 
ID  the  same  way  and  brought  near  the  first,  tlicy  will  repel  each  ofher. 
We  have  here  a  case  then  of  two  eleclrilied  bodies  repelling;  one  another. 
In  tlie  same  way,  if  two  rods  of  glass  arc  electrified  by  being  rubbed  «-ith 
silk,  and  one  of  them  i«  siiipctfded  by  the  silk  tliread  and  the  oibcr 
brought  ncAf,  icpuUion  will  take  place  If.  however,a  tudnf  sc:ilin^-wax, 
electrified  by  friction  with  flannel,  is  broii);ht  ntnr  the  glass  rod,  whlrfi 
has  been  electrified  by  fiiciion  with  silk,  the  two  will  niiraci  one  another. 
We  thus  see  that  we  hm-e  here  to  do  wiili  two  kinds  of  elect rllication,  ia 
the  same  way  that  in  the  case  of  magnets  we  had  to  do  with  two  kinds 
of  poles.  The  kind  of  cl eel riticn lion  thai  is  developed  in  >;lnM  when  il 
is  rubbed  with  silk  is  distinguished  by  being  cslled  posirivc  elect ritication, 
white  the  kind  of  electrification  produced  in  sealing-wax  by  friction  vilh 
flannel  is  called  ncKaiivc. 

We  may  ihen  state  the  law  of  clectritiil  attraction  and  repnlsion  a* 
follows  :  (Bodies  electrified  in  the  same  manner  repel  one  another,  while 
iKidies  electrified,  one  positively,  and  the  other  negatively,  attract  one 
another.' 

Whenever  electrification  of  one  kind  is  produced  in  any  way.  electri- 
fication of  the  opposite  kind  is  also  produced  at  the  same  time  Thus  in 
the  case  of  the  glass  elettriHed  by  friction  with  silk,  while  the  glass  will 
attmcc  a  negatively  eleclrilied  rod  of  sealinn-wa.i,  ihe  silk  used  to  nih 
the  glass  will  repel  the  sealing-wax,  thus  indicating  that  the  silk  has 
become  negaiivcly  electrified. 

The  kind  of  elecirilication  developed  in  a  body  depends  nn  the  nature 
of  ihe  body  with  which  it  is  rubbed  ;  ihus  while  glass  becomes  pcsitivclv 
electrified  when  It  is  rubbed  with  silk,  it  becomes  neguijyclv  clc 
when  it  is  rubbed  wiih  a  «U's  ,^^-  f ''e  kind  of  eTectnlicatit 
duccd  is  also  dependent  on  the  stale  of  polish  of  the  surface^on  the 
tempera tutc,  &c- 

441.  The  Gold-LeRf  Eleotposeope.—Inorderiostudy  the  sign,  md 
to  a  certain  extent  the  magnitude  of  the  electrification  produced  in  a 
given  body,  Ihe  instrument  shown  in  Fig,  43T,  and  called  the  gold-leaf 
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cIcctnMcape,  U  often  convenimt.     It  consi»is  or  a  ^»x»  lla&k,  In 

h.111^  iivo  goM  IcavM,  IX,  which  »rc  in  conducting  communi cation 

int-ul  diKc,  A,  by  nicuns  of  u  tiicial  lud,  llie 

rod  being  iaaulated  i>ya  coaling  of  -ihelliu:,  n. 

When  ihc  inelal  disc  or  cap  of  the  inntm- 

iiicnt  ii  put  in   conducting  communication 

wth   an   chcttificd   body,   the  %iAA  Icavcx 

biMh  become  elcciriticd  wiih  the  tame  kind 

of   ckctrilication    iU   the   body  ;    and    since 

two  bodies  ciccirilied  in  [he  uunc  way  lepcl 

one  another,  ihcy  diverge  ai  shown  in  the 

ftgiiie,  ihv  aniuuni  of  the   divergence  being 

a    rough    measure    of   ihe    amount    of  ihe 

«lcciri&caiio«i  of  the  body. 

442.  EleotrlflGatlon  by  Indunion.— If 
an  clccirifieil  body  is  broiijjhl  nrar  the  c.ip  of 
a  goM-leaf  electroscope,  il  will  be  (otmd  ihat 
die  leave*  diverge,  gho«'ii>g  ibai  ihry  have 
becotnc  elcctriticd  before  the  elecirilicd  body 
ha»  come  into  conducting  coimnunication 
with  the  cap.  On  the  removal  of  the  elcctri' 
fied  body  the  IcAVn  again  collapse,  showing 
that  tl»cy  bat-c  lost  ihc  electrificaiion  Ihey  pot>«eMed  when  (be  elcctrilied 
body  was  near.  ^This  electrification,  caused  by  the  proximity  of  a  charged 
body,  is  said  lo  be  produced  by  induction.  | 

If  the  inducing  body  is  charge<l  positively,  the  part  of  the  imiilated 
body  nearest  lo  the  inducing  charxe  will  be  negatively  elcclrjlicd,  while 
the  part  liirthcM  from  the  inducing  charge  u-ill  tw  poRtiveiy  electrified. 
That  thi«  is  M>  can  easily  be  iJiown  by  means  of  a  small  piece  of  mciat 
aitadied  to  an  insulating  handle,  and  called  a  proof-plane,  uhich  is 
brought  into  contact  with  difTerent  parts  of  the  body  on  which  the 
Induced  diargei  arc  produced.  Tlie  sign  of  the  charge  carried  away 
by  the  proof-plane,  after  contact  with  any  given  part  of  the  body,  tan 
be  found  by  meant  of  the  gold-leaf  electroscope.  In  this  way  il  can 
be  shown  that  whenever  an  insulated  conductor  is  placed  in  ihe  neigh- 
bourhood of  a  charged  body,  the  cundu<rtor  will  becon>e  electrified  by 
induction,  the  electrification  at  the  end  neatest  the  cluirged  body  being 
of  the  opposite  kind  to  thai  of  the  charged  body,  while  the  elect rifica lion 
an  the  end  Ainhest  from  Ihe  charged  body  ii  of  the  same  kind  at  thai 
oltbe  indudng  charge.  If,  while  an  insuhiicd  conductor  is  in  the  neigh- 
bourhood of  a  charged  body,  so  that  it  U  charged  by  indortion,  il  is 
placed  in  conducting  comtnuni cation  with  the  earth,  the  eleclrificalion 
of  the  liinie  kind  a*  thai  of  the  inducing  charge  will  be  destro^-cd.  If 
the  connectiofi  with  earth  is  now  broken,  anci  the  inducing  charge  is 
then  removed,  it  will  be  found  that  tlie  conductor  is  now  clectnfied  with 
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Hh  0|>fMMitc  kind  of  ckctrificftiion  U>  that  «f  the  tadncing  bod)-.  In  ibt 
\jaun  wbtn  Ibe  inducing  charge  is  removed  brtnre  the  coiulucior  iiu 
ea  put  10  cknli.  tba  Tcaun  whir,  on  the  rrmoval  of  the  inilucisi; 
dnrge^  the  conductor  wva  unelKiiilictl  was  that  ibc  vko  kindt  of 
dectjifialum,  produced  in  C<[tial  qtantiiies  b)-  the  induction,  nciilralix 
*ch  other.  We  shnll  rrtam  to  the  coondention  oi  titc  stibjcct  d 
'induction  after  we  hnvc  dealt  with  the  iitumiiiAiis-v  m«a&urcinciit  d 
elect  iifirai  ion, 

443.  Coulomb's  Law,—]))'  mt«ns  of  iho  lonion  balance,  Cotilamb 
wai  aWc  to  ihow  thai^ltc  fore*  exened  00  one  another  by  in-o  cIiarKed 
conduclors  ib  directly  propurtiooal  lo  the  product  of  tlieir  ch;irgcs  .ind 
inversely  ptoportional  tu  the  situate  of  the  distance  between  iIm  bodies.^ 
Hence,  ai  in  the  cue  of  the  unit  magneiic  pole,  wc  mny  define  ih« 
nail  elect riAcation  or  charge  ai  «uch  that  if  tvro  small  bodies,  car)i 
chaiged  with  a  unit,  are  placed  at  one  ceuliOMIre  »p&n  til  air,  the  iawi 
they  will  exert  on  one  anotltcr  will  he  one  dyne  The  reason  die  medium 
air  \s  specified  is  thai,  aj  h«  tliall  see  Uter,  (he  force  eicened  between 
t>xi  cliarged  bodies  depends  on  tlte  nainie  of  tlw  medium  which  litli 
the  space  between  tliem,  while  the  reason  the  bodies  on  which  ihe 
charges  are  supposed  lo  exist  are  taken  ai  small  is  that  if  the  bodici 
ii"cre  of  apjircciahlc  magnitude  the  diitribulioB  of  the  electrification 
vxHild  be  alie(cd  by  tlw  aciion  of  the  one  charge  on  ihe  other. 

Suppose  (hen  we  had  two  pnims,  chatted  with  *  and  /  units  of 
electricity  respectively,  placed  at  a  distance  r  apart  in  air,  the  force,  /'■ 
which  they  would  evert  one  on  the  other,  due  to  tlieit  etecirilicaiion,  will 
be  given  by  ihc  e(|uatioB — 


/■- 


;*' 


The  force  will  be  an  aiiiaction  tf  the  cbargcs  t  and  /  are  of  oppoMte 
sign,  and  a  repul&ion  if  they  arc  of  the  same  sign.  In  ihe  case  of  the 
unit  of  electrilicatioii,  as  we  sliall  sec  later,  we  meet  with  a  case  where 
ihero  arc  two  icpaiuie  relations  coininonly  tniploycd  lo  conned  the 
quantity  to  be  measured  with  the  fundament.^l  units  {%  8).  Hence,  in 
Older  to  distinguish  the  uiiil  as  defined  above,  which  depends  Tot  its 
definition  on  the  force  excticd  between  iwo  charged  bodies  S'nd  another 
unit  which  we  shall  consider  later,  and  which  depends  for  its  definition 
on  another  physical  properly  of  a  charged  body,  the  unit  above  defined 
is  called  the  r/A-/f-t>-i/«r/i;»m'/of  (^uantit)'  of  eleciticity  or  charge. 


CHAPTER  ]\ 

THE    BLBCTStCAL    PIELO 

444.  Electrical  Lines  of  Foroe.~If  n  smaii  body,  char(rcd  wiib 
the  unit  positive  ch^qfc,  is  bmught  inlo  llic  ncighbourhooil  of  n  clUTKcd 
body,  lliis  unit  chaise  uill  l>c  nctcd  upon  by  an  rlcctnctl  force,  which 
at  every  point  of  tlic  i^e<  ^uirauiiding  ihe  diai(,'ed  body  will  buvt  a 
deliniic  mngniltidc  and  dirMtion.  As  in  Ilie  ciise  of  macneliMn,  a  Iidc, 
Hirb  \iiM  IK  dircclion  at  every  point  is  ibe  sanii?  as  ibc  dircclion  of 
tbe  force  SCling  on  the  unit  charge  when  placed  at  ihc  point,  it  called 
a  line  of  force.  The  direction  in  »hirh  »  line  of  force  is  supposed  to 
ran  is  the  direction  in  which  it  dual]  positively  eleciriGed  boi]y  uvuld 
teitd  to  niovc  Hence  a  line  of  ftwco  will  always  start  from  a  body 
«bicb  \%  positively  electrified  and  end  on  a  body  which  is  negatively 
cicclrilicd. 

If  «e  lake  an  area  on  the  sucfiice  of  a  positively  etcciiiiied  body, 
sucli  iliat  this  portion  of  ihc  surface  contains  a  unit  of  electricity,  and, 
starting  froin  all  points  on  the  cune  buunding  lliis  area,  draw  the  lines 
of  force,  these  lines  of  force  will  cncline  a  tube-shaped  space  wbtcli  is 
called  a  tube  of  foKO.  Since  each  uf  the  lines  of  force  niust  lerminite 
on  a  neKatively  etecirifled  body,  we  see  that  every  tube  of  force  must 
end  on  a  ncgaiitely  electrified  body,  and  it  c-nn  be  shown  that  the 
quaBltly  of  electricity  on  that  portion  of  tbe  surface  enclosed  by  the 
inbe  of  force  will  be  a  unit  of  ncjiaiive  ele<ciricity.  By  incans,  there* 
fete,  of  tubes  of  fofcc,  we  can  indltaie  the  distribution  of  ilic  dectriSca- 
lioo  on  the  surface  of  a  cliart-ed  Iiody,  for  ibe  jftcatcr  the  chat^e  the 
tenalicT  will  be  the  cross- sect  ion  of  the  tubes  of  force,  and  hence  the 
laj|rer  tbe  number  of  ihenl  nhich  H'ill  love  each  square  centimetre  of 
|]ie  surface  of  the  chained  body.  Since  it  noultl  be  rathet  inconTenient 
to  draw  a  scries  of  tubc^  it  h  usual  to  suppose  that  a  udkIc  line  of 
force  \*  drawn  alonj;  tlie  axii  of  each  unit  tube  of  force,  thai  i»,  ihai 
ftma  the  centre  of  each  eletni^nt  of  tbe  surface  of  the  positively  electrified 
body  on  which  the  unit  quantity  of  posili>e  elccirkity  enists  ne  draw  a 
Um  of  fofce.  Under  these  cimimsiance*  the  number  of  these  lines  of 
kttct  whicli  leave  the  surface  of  the  charged  body  will  repiescnl  lite  charge 
on  the  surfa<«.  If  a  body  is  diarged  with  e  units  of  dcctriciiy.  then 
r  tines  of  force  will  leave  the  surlacc  of  ihe  l>ndy,  white  if  the  body  It 
I      charged  with  t  units  of  nesaiive  elcciricity,  e  lines  of  force  will  terniiaattt 


I 
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on  ili«  MirfAccorttielMdy.  Il  will  ihutbe  teen  ihat  if  a  body  is  chai^f^ 
Willi  /  units  <A  positive  dcciricity,  so  that  e  lines  o'  forc«  leave  the  Imdj 
an<l  inu^l  temtinale  on  a  n^ati>'clr  chnrfred  \)oAf,  EomewhcFc  or  other 
ibcrc  must  r.cccssarilr  exist  t  units  of  ncKStn-c  electTicity.  Tbit  nesatiiv 
churyc  muy,  however,  be  so  far  removed  from  tbe  >pat  wbctc  wc  %xt 
making  our  cuperimenti  ihnl  it  doci  nut  in  any  wuy  affect  i!ie  rcsuUs,  am) 
hence  »«  ate  able  to  p<:rfi>nn  experiment*  in  which  »-c  practically  hai« 
only  to  <lenl  with  one  kind  of  elect rificai inn.  Ileic  we  have  »  marked  dif- 
ference between  ma^^iclism  and  clcciriciiy,  for  in  the  case  of  ntaji-netiHii 
we  are  unable  to  nbt.iin  .1  body  which  lias  only  one  pole,  aud  so  canoo: 
dta)  with  a  single  pole. 

^\X\^c  ".pace  in  the  neighbourhood  of  electrified  bodies  in  which  cSec- 
irieal  uheiiomcria,  such  ai  aUraction,  are  exhibited  is  calied  an  cleriri^ 
fiel(L)(y^  field  in  which  the  force  acting  00  a  small  elecirified  body  in 
everywhere  the  s.imc  both  in  magniiuiic  and  dircetion  i«  cjillcd  a  qnifom) 
field.  )  |n  a  uniform  field  the  lines  of  force  must  be  cverj'wheio  parallel, 
and  therefore  ilic  tubes  of  force  must  everywhere  bave  the  some  cios»- 
sriTtion.'^ 

The  quantity  of  electrification  on  the  unit  of  area  of  the  surface  of  an 
electrified  bixly  is  called  the  surface  density  of  the  clcciriticatioii.  and,  at 
we  have  »cen,  ibc  number  of  lines  of  force  which  leave  or  terminate  on 
the  nnit  of  area  of  ibc  surface  is  also  equal  to  the  charge  on  tlie  unit  area. 
Henc-e  the  surface  density  may  also  lie  <lefxned  as  the  number  of  line^  or 
tuhesof  force  which  leave  or  terminaic  on  Ihc  unit  area  ofihc  surface  of  the 
clcciriiied  hotly.  In  the  case  where  the  electrification  of  ibe  body  is  not 
uniform,  ihe  surface  densiiy  at  11  g^v^n  point  i-i  deiiiied,  a.s  in  the  case  of 
other  variable  quantities,  as  the  qiianiity  of  elceiricity  on  a  small  element 
of  fiurface  stirroundjiig  the  given  point  divided  by  this  .irca. 

The  lines  of  force  in  (he  case  of  two  small  bodies,  one  of  them  potiiivcly 
and  the  other  nenalively  electrified,  and  placed  at  a  very  great  dis- 
tance from  all  other  conductors,  *o  ihat  nil  the  lines  of  foreo  which 
leave  the  positively  electrified  body  lernnnaie  on  the  ncgaiii'cly  electrified 
body,  are  shown  in  Fig,  431,'  while  in  Fig.  453  the  lines  of  force  in  the 
c.tse  where  the  two  bodies  are  elecirified  with  the  same  kind  of  electrifi- 
calion  are  shown. 

Ai  in  the  corresponding  cjise  in  magneiism,  we  may  account  for  the 
auraciion  whirh  wkcs  place  in  the  one  case,  and  the  rcpnlsion  In  the 
other,  if  wc  suppose  that  there  exists  a  tension  along  tlic  lines  of  force, 
and  that  something  of  the  nature  of  an  hydrostatic  preuure  acis  at  right 
angles  to  tlio  direaion  of  the  lines,  so  that  they  repel  one  another. 

When  the  electrical  charge  on  anj-  lysiem  of  conductors  alters  it* 
distribution,  wc  may  consider  thai  each  unit  of  the  charge,  as  it  moves 
over  the  surface  of  the  conductors,  drags  the  end  of  its  tube  of  force  after 

>  Tin  llnct  of  foTO  are  lymmcirical  abOTii  ihe  line  JcJninit  ili«  <haie<«,  and  so  10 
save  spaG«  only  hnlf  an  thown. 
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il,  bill  ili*i,  on  account  of  tbe  itttsion  acting  along  tlie  lube,  the  tendency 
it  for  t)ie  lube  to  become  as  short  as  possible.  When  ihc  two  conductora, 
on  whkh  anjr  given 
tulie  tentiinaies,  are 
sepuaicd  by  a  non- 
condtictAr,  the  lubr  of 
force  cannot  shorten 
tndefiniicly,  for  the 
ends  of  the  tube  can- 
iMt  leave  tlie  conduc- 
tors. It  hiwever,  the 
two  conductor!  are 
placed  in  conducting 
communicaiiiin,  tay  by 
being  joined  by  a  wiie, 
llie  ends  of  the  tube 
can  now  move  along 
this  wire,  vi  thai  the 
tube  can  shorten  in- 
definitely, and  ulti- 
mately vaniUi. 

Thus  by  supposing 
that  not  only  docs  the 
lemion  along  tlie  lines 
of  force  give  rite  ta  a 
nwclianical  forte  an- 
bg  on  the  matter  on 
which  Ihe  clectrificar 
tion  exists,  bui  aim 
that  1  his  tension  cauies 
tlie  electricity  tA  the 
two  opposite  kmds 
which  «xi«  at  the  inn 

endi  of  the  line  i>rfi>Tce  to  tend  to  appronch  cftch  other,  and  can  only  be 
kept  apart  by  the  inicrpnsition  of  a  non-conductor,  we  iiliall  be  able  to 
explain  how  it  is  that  one  of  the  kinds  of  electricity  produced  by  induction 
remains  on  tbe  body  when  the  latter  i*  put  to  earth,  while  the  other  kind 
nf  elect ri5ration  evape*  to  eanh. 

In  ^  ig.  4>4  let  A  represent  the  inducing  body,  which  tc  may  suppose 
charged  with  positive  ct«ciric)iy,  and  b  be  an  insulated  conductor  which 
i>  decirified  li^*  induction  by  A.  Then  lonie  of  the  lines  of  force  (shown 
by  the  full  lines)  whW-h  leave  A  will  terminate  00  II,  and  B  will  therefore 
be  Mgalivdy  eleclriljed  hi  ihe  pan  where  ihrsc  linn  meet  the  snrfiicc;  In 
sddhioB  a  number  of  liitc<<  of  force  will  leave  11,  and  lennu: 
mBMting  conductors,  such  as  the  walls  of  ilie  room  in 
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bodJu  nre  placed.  The  pan  of  n  «h«r«  time  Iin«»  luvc  the  surface  will 
be  pOMlit'cly  ckcirificd,  ih«  cMmpondinjc  acsalire  cfaartce  being  mi  the 
walls.  The  linn  of  r<»<.-c  wtiich  sireicli  from  a  (o  n,  1^  ih«ir  tauMk, 
cauM  (be  negalive  cliat){e  an  fi  to  acmunnlaic  on  il>c  side  uext  A.  The 
irhole  charge  docs  not  accinnulale  at  the  Deami  point,  how«rcr,  bmute 
of  the  mutual  lepulsion  vdiich  the  litto  of  force  cxcn  oa  one  another.    It 
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is  i>winK  lo  lliis  repulsion  hcmcen  ilie  line?  thai  ihc  linet  l«a«-ing  tlie 
bod/  U  accumulate  ai  tlie  otlier  cno. 

When  the  bndy  ii  ii>  put  in  t.-»n<luciins  conimitnicaliou  with  the  eaiib, 
(>.  with  the  IxkJim  on  which  the  linei  of  force  which  leave  it  tcciiilnalc, 
owinjj  to  the  anion  of  the  tcniion  on  the  electrification  itself,  the  latter 
will  Cicapc,  but  the  nepitivc  clcctritication  mrreipomling  to  the  lines  i>( 
force  which  leave  a  and  terminnie  on  n  will  not  he  able  to  roach  a,  since 
these  two  bodiea  are  not  in  conducting  coinniunicaiion.    The  distribution 


8  445] 


Farada/s  lit-Pail  Experiment 


ot  ilic  clur^t  will  llien  I>e  a>  kliown  by  the  )iiw«  of  force  in  Vig.  4}$, 
whc^^  then;  urc  no  lines  uf  force  leaving  K,  intlicattnjC  llial  ihc  charge  on 
B  U  everywhere  ntKuli^re. 
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Faraday's  Ice  Pall  Experiment.— '1T.«  produciiun  of  elcciri- 
|j>-  i|filu<;(iaD  cjin  be  very  ilwtily  iiivcMij^alCtl  \yy  mean*  of  llie 
MTanb'enienl  shown  in  Fig.  436.  Fiuaday,  to  nltom  thne  cxperitiients 
are  due,  oaeti,  in  pUce  uf  tlie  Ix^Iow  nvclal  sphrie  ,K,  a  metal  kc-pul,  juxl 
uwing  Id  this  cirraimtaiKc  it  n  gcnemlly  known  as  Kanilay's  ice-pail 
njieKinrnl.  The  hollow  metal  tplterc  has  an  iipcninj;  H,  tbnwiib  wlucb 
a  situll  rharged  spheti;  l>  cin  l>c  lowrrcd  into  the  inicrior.  The  hollow 
•pbera  is  su|>|>i)rtrd  tm  an  in«utaiin>:  vt^nd,  jinit  i»  connected  with  an 
eieclrocope  c.  Let  A  lie  un«IecittfN-d,  and  bii)>4iote  ihnt  we  intruduct 
(be  nnall  tplwre  D,  which  is  au*|)ended  by  an  tnsuUiing  thread,  and  b 
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cHarRcd  vriih  Q  units  of  pooilive  eleciriiiciiion.    Before  1)  was  tnUrxkKcil 
within  A,  ll>e  tubes  of  furct:  which  stiut  from  ilw  <:hai);cd  sphere  icf- 

minaic^I  on  ilie  walls  of  the  room  nnd  on 
ncighbourini;  condtiaonv  \\1irii,  how- 
ever, II  is  introduced  within  A  wc  ih«I! 
h.ivc  two  sciK  of  labcs,  oiic  Mt  sianisg 
fioin  UHiulierminniingon  the  inside  oJ A. 
and  the  oihcr  siamng  from  the  outside  of 
A  and  icnninniin^  on  ibc  walls  of  the 
room.  In  other  words,  tlie  conducting 
shcU  A  tins  divided  each  of  the  tubes  of 
force  which  leaves  the  cluqted  body  t>  into 
[WO  pnnt. 

The  liibe«  of  force  which  leave  itie 
outtidc  of  A  correspond  to  a  pmitivt 
eleciriliCHtlon,  «nd  Uie  magniiiide  of  ihU  clecirificjition  is  indicated  by 
ibe  m^niiudc  of  the  divergence  of  the  ^old  leaves  of  ilie  elcciroicope. 
If  now  the  vewe!  A  is  put  in  conduclini;  cumin uniiatlon  rn'ilii  the  earth, 
IIm  tubes  of  force  which  stretch  from  iti  outer  surface  to  tlic  uaHs  will 
be  able  lo  cniiiraci,  the  ends  running  alonj;  ihc  rondiic-lnr  used  to  put 
A  to  earUk  The  tubes  which  terminate  on  the  inside  surface  will,  how- 
ever, not  be  able  lo  ilirink,  for  the  sphere  t)  \i  not  in  condueting 
coinmunicnitoii  with  the  vessel  A.  Next  let  the  vessel  A  be  a}^ia 
insulntei!,  nnd  then  lower  the  sphere  D  till  It  touches  the  inside  of  A. 
Now  the  tubei  of  force  liclween  1>  nnd  the  inside  of  ,\  are  nbic  to  shrink 
And  v.inish.  When  ihc  vessel  A  "as  put  in  c<inh  ihc  leaves  of  the 
dccirascnpe  collapsed,  sliowin);  that  the  ve^sel  A  had  lo't  its  free  chai){e, 
and  they  remain  collapsed  even  when  the  charged  sphere  ii  allowed 
to  touch  the  intido  of  the  vessel  a.  This  ilierefore  shows  that  the 
positive  char);c  on  I)  is  cxnctly  equal  to  the  induced  ne)(Blive  charyc 
on  A.  Hence  the  charge  induced  on  the  inside  of  A  is  ->  Q.  Also,  since 
there  were  Q  tul)es  of  force  leaving  IS  and  ejich  of  ihcse  tiihes  must 
have  terinin,ncd  on  the  inside  of  A.  Ili.it  is  on  a  surface  on  which  the 
chaise  is  -  Q,  we  sec  tliai  iliis  experiment  proves  that  the  chatjje  on  the 
ponton  of  the  surface  on  nliich  each  tube  terminated  was  a  unit  of 
ncgiLiive  electricity. 

Nest  remove  D  and  again  eharj[e  il  wilh  Q  units  of  posiiivc  electricity, 
that  is,  give  it  ihe  same  charge  as  before,  and  n;ptin  inirodiice  it  within 
the  vessel  A.  If  now  the  sphrre  Ii  be  lowered  till  ii  louches  the  inside  of 
A,  it  will  1)6  found  that  the  separation  of  the  leaves  of  the  electioscopc 
remains  unaltered.  \V'c  have  now  romn)unicate«l  a  charge  +  C  to  A,  and 
«nce  this  produces  the  same  deviation  of  the  electroscope  leaves  as  did 
the  induced  diartre  produced  by  the  body  charged  with  ■¥  Q  units  placed 
inside,  we  sec  that  the  positive  charge  produced  by  induction  is  equal  lo 
Q  units.    Uut  the  previous  experiment  showed  ihat  the  nepiiive  charge 
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pmliin-d  hy  ind union  on  the  inside  of  A  ii  alioequni  to  Q  units.  Hence 
wc  see  iliat  the  positive  and  negative  ch.irges  produced  by  indurtion  are 
equal  TIitisouratsurnpiioTi  iliat  every  tube  of  force  iiarts  from  a  portion 
of  a  conductor  on  which  there  is  a  unit  piwitive  cliunce,  and  tennliiAtcs  on 
a  poitiun  on  which  there  is  a  unit  negatiie  fharKC,  is  ju&lified. 

Since  every  lube  of  force  must  have  both  a  bcj{imiing  and  an  end,  it 
ihcnforc  follows  that  to  c^'eiy  posliive  charge  there  must  exist  an  equal 
negative  charge,  tlii«  charge  being  situated  on  (he  bodies  on  whirli  ihc 
tubes  fA  force  whirh  Icate  the  puMtively  charged  body  (erioiiiaie.  From 
ibis  it  foUou-s  that  wbeneier  we.  by  any  incans  whaie»-er.  B'»"e  a  charyc  of 
one  sign  to  a  body  an  equal  and  oppoaiie  charge  must  al  the  same  limc 
be  produced.  Tliis  deduction  may  he  proved  experimeniaHy  by  means 
of  Faraday's  icc-paii  experiment,  for  if  a  small  piece  of  scalint,'-wax  is 
attached  to  an  inttilaiing  handle  and  inlTodiiccd  within  the  vessel  A,  and 
\*  etcciriflcd  by  rubbing  with  a  Aannel  pnd  attached  10  a  second  insulat- 
ing handle,  the  clecttoKope  will  be  unatTecied.  The  leason  is  that  ihc 
charges  produced  on  the  suiling-vax  and  the  flannel  are  equal  and 
opposite,  and  ihcrctore  they  induce  equal  and  oppoiile  charges  on  the 
OQlsidc  of  Ihc  vessel  A.  On  removinf;  cither  the  sealing-wax  or  ihc 
fbnncl  Ihc  clecirotcopc  will  be  aficctcd,  for  now  (be  inducing  chatgc 
insid«  A  if  all  of  ono  sign,  and  hence  so  aI«o  is  the  charge  induced  011  the 
ouiiide. 

We  can  by  this  arraogement  xive  the  vessel  a  a  cliarge,  the  nuigni* 
ludc  of  which  is  any  pven  number  of  limes  Ihc  magnitude  of  somr  giirn 
charge.  Thus  suppose  we  have  a  orgalivcly  charged  sphere,  and  ihni  we 
brinjt  the  sphere  U  10  within,  say,  six  inches  and  then  put  it  momcniarily 
to  e«nli.  In  this  way  l>  will  obtain  a  charge  of  positive  elcclilcily  o4 
magnitude  Q,  say.  Next  introduce  ii  invide  A,  and  let  it  touch  the  bottoni. 
In  this  vay  we  shall  ciMiiinunicate  a  charge  of  Q  to  A.  If  now  u  is  again 
biougtit  to  vrithin  i\\  inches  of  ihe  negatively  charged  sphere  earthed  ami 
tlien  introduced  ■ilhin  A  as  before,  a  further  cliarge  of  Q  will  be  ciwn- 
inunicated  tii  A.  so  ih.it  the  loial  clurge  is  2  (2>  wd  ■»  on- 

446.  DlfTerence  of  PotentlAL— If  two  comlucton,  04ic  of  whirh 
is  chaig'ed  positirejy  and  the  other  i«  charged  ncgalively,  are  put  in 
coiuhiciing  communicaiion,  their  state  of  elcctrificaiion  will  heconic 
changed,  so  that  if  lliey  originally  possessed  equal  cJurge*  they  K-ill 
both,  after  being  connected,  exhibit  nu  signi  of  electrification.  If  the 
chaise  on  one  was  ffreater  than  that  on  the  other,  then,  after  being 
connected,  the  sign  of  the  charge  on  the  two  will  be  the  tame  as  the 
sign  of  the  charge  whirh  was  oriKinnlly  the  greater,  while  the  sum  of  the 
cbaiyci  now  poswsscd  will  Im  equal  to  the  diflcrence  of  the  |iix>  original 
charges,  tf,  however,  two  bodies,  each  of  which  is  charged  »ith 
clectricily  of  the  Same  kind,  are  pnt  in  conducting  coininunication,  11 
does  not  fallow  that  ibe  cliargc  on  the  body  which  was  originally  ckc> 
trilied  with  the  larger  charge  will  be  dcercAKd  and  that  ot  the  oUm 
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jiwrrMMMl,  loT  a  smalt  tiphcre  dialled  with  one  unit  t>X  posiiu-c  ctearicitj', 
wlicu  put  in  coiuliiriinh'  ci>tiiuiusi<::itioii  will)  a  »pberc,  of  which  ih«  ndiot 
is  llirre  lin»cs  ihn  iif  the  tilher  iind  which  is  chargcsl  with  mo  iiniu  << 
piKiilivc  dectticily,  will  lose  clecliificJUion.  Thcic  must  oidently,  lliert- 
(ofi::,  lie  some  tnhn'  condition  b«^iics  the  ningniiuik'  of  the  Lliat^e  which 
decides  n*hell>er,  wncn  Iwu  chuigcd  bodwa  aiG  put  in  vocllmunication,  the 
choTKe  oi  one  or  oihcr  of  tliein  bcramet  mcreued. 

Tu-n  conducioTs  are  nid  M  be  at  ililTcicnl  pulentinls  if,  uhcn  ihc}'  nic 
piit  in  <onductini;  communication,  the  diittibuiion  of  clcciriAcation  on 
Ihc  conductora  cbAitge*.  The  body  on  which  the  potitivc  ekclnciir 
tUtnatri  is  Mid  to  be  fit  the  hiKhcT  poieniiat. 

'Vim  idea  of  electrical  potential  ts  of  the  ume  oature  u  the  ideft  d 
teinpenlurc  in  tbe  caM  of  heat,  ur  of  leti'et  in  the  case  of  the  flow  of  water 
in  .1  )>i|>c,  for,  as  by  have  seen,  heat  al<ra)-s  fluwi  from  a  bodf  at  a  higher 
trmprrntiirn  to  a  haAf  at  a  lower  letnpeniuie,  and  water  only  flows  from 
places  at  a  higher  Irvcl  to  placet  at  a  lower  level. 

'[  lie  dinerencc  in  potential  bctucen  i«>o  rliargied  conductors  is 
meaiurcd  by  the  work  ihat  would  have  to  be  don«  on  a  wnail  body 
charged  with  a  unit  of  positive  electricity  when  the  body  is  moved  from 
the  immediate  ncighbourhoad  of  tbe  condticlor  at  ihc  lower  potenluU 
to  the  immediate  nci^-hbouthoodof  the  conductor  at  the  higber  potential 

For  all  pr.iclical  puipoici  the  measure  of  the  available  energy  of  a 
walerfiill  is  known  if  ihi;  available  head  and  the  quantity  of  water  wbich 
passes  in  a  sccund  are  known,  for  Ilie  varlailoa  in  the  value  of  tbe 
acceleration  due  to  (iravily  (jf)  is  comparatively  small.  U  would  be  quite 
ot!iem-i»c,  however,  if  the  value  of  k  varied  to  any  great  extent  from  one 
place  10  another  on  the  surface  of  the  earth.  Thus  suppose  that  we 
had  to  do  with  two  waterfalli  in  which  the  quantity  of  water  which 
pa»ed  per  second  was  the  same,  but  ibc  full  >«*a»  different  and  the  value 
of  ff  wa*  twici;  a*  great  nt  one  place  ai  la  the  other.  Then  the  work 
which  could  be  obtained  from  (be  unit  masi  of  water  as  ii  passed  fiom 
the  top  to  ihe  bollcim  of  the  fidl  would  be  j^A,  in  the  one  case  and  igk^  in 
the  other.  Hence,  a*  far  as  the  <iuantity  of  energy  available  Is  con- 
cerned, the  height  through  which  Ihe  water  fall*,  thai  is,  the  dtRerence 
in  level  Ix-lwccn  the  water  above  and  below  the  fall,  is  cot  a  measure  of 
the  value  of  the  fall  1  f.  however,  wo  measured  this  differenrc  of  "  level" 
by  ihc  (juantiiy  of  work  which  mu*!  be  done  to  raise  unit  mas*  of  the 
water  frotn  the  bottom  of  the  fall  to  the  lop,  then  (he  available  enerBy 
of  any  f»11  would  l>c  obtained  by  limply  muliiplj  inj;  this  ([uanlity  by  the 
quantity  of  waicr  whirh  {kisscs  over  the  fall  in  a  unit  o(  time.  Now 
alihouich,  as  h.is  been  mcmioned  above,  the  changes  in  jf  arc  so  small 
as  to  make  it  quite  unnecessary  to  adopt,  lu  the  case  of  waterfolls.  any 
euch  dwice,  yet  it  will  be  seen  why  tlie  method  adopted  for  measuring 
the  diflerence  of  potential  between  two  charged  bodie*  is  quite  a  reason- 
able one. 
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WTien  coniiderini;  the  abtnliite  ileal*  of  icmpcrature  in  §  t6i  vfo  used 
wry  limilnr  mcihivt,  for  ihe  diHercnrc  in  irmpemtorc  betu-eto  two 

lies  «-a«  mca«ir«d  by  ihe  work  which  could  he  done  hj-  >  rcvemible 
enfttoc  when  nxirkiog  bctuTcn  ih«»e  itvo  lenipcrattir*^  and  taking  a 
Khren  (|tiaiitit)-  of  heal  fruni  the  boiler  bod/.  Thus  in  thvs  case  also  a 
quanliiy  of  n-ork  is  used  as  »  tiieasare  of  th«  difference  of  ihe  quaniiiy 
(tnnpemttire)  which  dctidcs  in  which  direiriion  heal  will  flow  when  two 
bodies  are  placed  in  thermal  cnmniuiiicatinn,  and  iit,  therefore,  ana1u[-ous 
to  potential  in  tlic  cleclricnl  problem. 

The  amount  of  work  done  on  the  unit  of  posSiivc  elcciiirity  n*  ii  i« 
carried  from  ihc  ncigii  bom  hood  of  one  charj-ed  body  lo  iliat  of  tbe  other 
i>  ibc  same,  whatever  Ihe  path  by  which  it  is  moved.  If  it  were  not,  so 
that  it  were  possible  lo  p.-t»  from  a  point  A  (Fig.  437)  to  another  point  u 
at  a  lower  potcnlial,  in  such  n  way  that  the 
"poifc  ar,  dome  on  the  imii  charge  when 
taken  alonK  ihc  t>ath  acu  wai  K'caicr  than 
Ihe  woik  Wj  done  when  the  unit  i«  moved 
along  the  path  aub,  then  by  taking  the 
body  wilh  the  unit  charge  from  a  to  B  by 
the  path  ACB,  and  brin^'ing  it  back  by  the 
path  txtK,  the  whole  system  would  have 
pcfftifined  a  cycle,  for  the  initial  and  final 

tt«c»  am  llie  »aniG,  while  an  amount  of  work  c([ual  10  (»,-»■,  would 
have  been  done  without  tiie  supply  of  any  external  cncr|^.  This  being 
contrary  to  the  doctrine  of  the  con^enration  of  enerKy,  it  follows  that  Vl^ 
must  lie  equal  lo  \e^  that  i^  ibe  work  done  when  the  unit  cbai|[e  is 
carried  from  a  to  B  must  be  independent  of  the  path  by  which  it  1« 
carried. 

\Vc  hai'e  defined  the  difTerencc  Iwiween  ihe  poirniial  oX  two  points 
aitd  sbowa  how  it  is  measured,  and  uc  hjve  now  to  choose  some  Aned 
ptrienlial  as  llie  zero  of  poieoiiaL  The  potential  of  the  eaiih  is  usually 
taken  as  the  lero  of  potential,  so  that  the  potential  of  a  positively 
e)eciri6ed  body  is  positive,  and  that  of  a  ncKaiively  elecinficd  body  is 
negatiTe,  for  a  positively  eleclri6ed  body  will  rcpet  a  body  clurt.td  with 
a  unit  of  positive  electricity,  and  wa  work  will  be  done  on  the  imit  charge 
as  il  is  moved  from  the  elecirilied  body  tn  the  earth,  while  if  the  body  is 
neKaiively  electrified,  work  must  be  supplied  10  nKM'o  tJie  lUut  chaJTse 
fraia  the  electrified  body  lo  the  earth. 

447.  Equlpotential  Sarnices.~-An  equipoteniial  surfiice  is  a  surfoce 
such  that  ihc  puicniial  of  all  point*  upon  it  b  the  same.  No  work  i* 
tbercftire  done  when  a  charjrcd  body  is  moved  along  a  path  which  lies 
tn  aa  eqiii potential  surface.  It  follows  at  once  tlini  the  lines  of  fore* 
mail  alway*  cut  an  e^uipotciiiial  siirfaie  at  tivhi  aoglet.  If  a  Imi-  of 
force  ilid  not  cut  an  c«iiii potential  surface  at  ri||Iit  anKleis  iben  the  furve 
which  acts  in  the  direction  of  the  line  ol  force  can  be  resolved  into  twol 
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coinpoiKttts,  one  alonj;  the  lurfucc  and  ilic  oilier  nonnal  lo  the  suria^v. 
ir  ao  cicctrilicd  body  n-ere  ptacvd  M.  llic  point  wburv  iIh:  line  of  force 
cuts  t)ie  cqiiipolctilini  surface  il  n-ould  be  -ictcd  iqwn  by  the  cotuponcnt 
parallel  to  tbc  uiirocc,  nnd  if  it  o-ere  moved  in  the  dircritoR  ii>  which 
this  cuniponcnt  acts,  work  mould  either  be  done  on  or  by  ihc  elcclriiitd 
paKkle.  Hot  by  llie  dcliniiion  of  .-ui  ctjuipoieniial  ^urbcc  no  work  i» 
done  when  a  diar|f«d  IkkI>-  is  innvtKl  from  ooi:  point  of  such  a  tutlace  to 
«ny  oihct  point  on  the  surface.  I  lencc  tt  foUon-s  tl>al  the  coimponent  of 
tlie  force  parallel  lo  ihc  surface  of  the  equiputeiilial  xutlace  tnuil  l«  rcto, 
or,  in  oilier  woidt,  that  the  direciiun  of  ilie  line  of  (oive  must  be  perpen- 
dicular to  the  »ui£)cc  at  ilic  point  wlicrc  il  cuta  the  Mtriacc 


Fin.  438, 

Since  in  the  case  of  a  coiiduclor  the  elect illicai ion  ia  not  prcvcntn! 
from  spreading  ilsclf  over  the  surface  of  the  body,  no  channe  '»  'he 
distribution  of  the  cleclrilication  wuiild  take  place  by  connrciing  any  tuo 
points  of  the  surface  by  a  conducting  wire,  and  so  nil  part*  of  the  surface 
must  be  at  the  siuiie  potential.  The  surface  of  a  conductor  must  there- 
fore be  an  eqiii potential  surfiice,  and  hence  the  lines  of  force  must  alway* 
cut  the  surface  of  a  conductor  at  risht  anijles  to  the  surface. 

In  Fig.  438  the  line*  of  force  and  the  equipoieniia)  surfaces  for  a 
positively  charged  body  A  are  shown,  the  traces  of  the  cqui potential 
siirfoccs  being  shown  by  the  dotted  tines.     If  an  insulated  unchaiged 
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^P  conductor  B  is  placed  in  the  nciglibouchood  of  the  charged  cnnductor, 
1^  lhi«  coiidutKir  wiU  become  eWttitied  by  induction.  Novr  if  the  con- 
ductor II  cnuUl  bo  brought  n«ar  the  charged  body  \  niihoiit  prnducing 
any  change  in  ihc  distribution  of  ihe  charge  on  the  conductor  or  chang- 
ii^  the  tiaic  of  the  cicctiica!  Acid  in  the  spdcc  now  uccuiiied  fay  the 
conductor,  thai  Is  if  the  lines  of  furie  and  ihe  equipuieiiii;i1  iiurfucet 
iirere  to  reinuiii  «i  in  >"ig.  438  after  the  introduction  of  the  conductor, 
tlien  those  parts  of  lUe  L-oniluctor  it  furthcit  fioin  A  woukl  he  at  n  lower 
potential  than  Ihc  parts  nearer  A.  Menre,  «inec  it  i«  impotsiblc  for 
dificrcnl  parts  of  a  conductor  to  be  St  diffirrent  potrnlials  so  long  Ht  the 
cle^lrifictilion  is  not  chnn^-ing,  sonic  change  in  the  decliical  conditions 
must  take  place  so  as  to  laitc  ihc  potential  of  the  more  distant  p«nt  of 
tke  conductor  1*,  or  lower  the  potential  of  the  nearer  parts.  Thi^  will 
occur  if  tli«  mote  distant  pans  become  positively  ciecirified  and  the 
nearer  parts  negatively  elecirilied,  for  under  these  circumslances  a 
greater  repiiluve  action  will  be  exerted  on  a  unit  of  potiiive  ekciricity 
when  placed  nor  to  ihc  further  surface  it  )i,  and  hence  a  greater 
amount  of  work  will  be  done  on  this  unit  while  it  is  being  n^oved  from 

■  this  position  to  the  neighbourhood  of  the  earth.  In  ihc  SAme  way,  less 
work  will  liave  to  be  done  to  move  a  unit  charge  fioni  the  near  &ide  10 
Ilie  ncigbbouriiood  of  the  earth,  so  thai  ihc  poCeniial  of  the  near  side 
will  be  reduced  by  the  pmcnre  of  ihc  induced  negative  dec iriiicj lion. 
Tliis  lowering  of  the  poieniini  on  the  near  side  oi  B,  itself  involves  a 
lowering  of  the  potential  of  the  near  sida  of  the  conductor  A,  and  hence 
alx)  of  the  far  side.  This  lowering  of  the  potential  of  the  far  side  is 
produced  hf  tlie  accumulation  of  the  povlire  electrification  of  a  on  the 
side  near  B. 

I  The  form  of  the  lines  of  force  and  of  the  equipoieniial  surfaces  under 
Ihe  new  conditions  is  shown  in  Fig.  43,1.  It  will  be  teen  that  the  change 
In  the  disitibulion  of  the  chaigc  on  A,  as  well  at  the  distribution  of  the 
induced  ciiarge  on  b,  is  such  tlut  the  surfaces  of  the  two  conductors  are 
equipoWnlial  surfaces.  If  the  insulated  conductor  i»  earthed,  then  the 
cteclrilication  on  lioth  cundudori  is  altered,  but  in  sucli  a  way  that,  ai 
shown  in  Fig.  4;$,  the  surfaces  of  the  romlticlois  remain  eiguipolcnltal 
Mtrfaccs.  We  thus  sec  that  the  fact  that  the  diilrilniiion  of  the  etcntritica- 
tion  on  the  body,  when  placed  in  the  ne>KhboiiThnod  of  a  charged  body, 
is  not  uniform  is  not  inconsistent  ■ilh  the  surface  of  the  conductor  being 
an  etjuiiKitenttal  surface,  but  is  in  fact  the  disiriliution  which,  in  conjunc- 
tion with  the  inducing  cliargv,  insures  ihe  ful6ln)cnt  of  this  condition. 

If  A  and  u  arc  tn-o  points  on  a  line  nf  force,  thry  must  neccMarily  be 
at  dUIervnl  |>olenlials.  Let  the  potential  of  \  be  J'„  and  that  of  li  he  i\ 
{f,  being  greater  than  V^  :  then  if  a  small  Iiody  cnrrying  the  unll  cliarge 
of  jKHitivc  cleciriciiy  is  moved  along  the  line  of  force  from  A  t"  K  ih« 
work  done  will  be  ei|u.il  10  f,  -  I'-,)iiT  the  diflcrciKe  in  pmmiial  he;utMi 
two  puinia  b  measured  by  the  worli  done  on  the  unit  charge  when  it  I* 
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moved  fram  oac  point  to  tlw  otber.  I  f  itie  poinu  .\  and  u  nrc  very  cloce 
toitcther,  th«  Ibrcc  F,  which  acts  on  Uie  uiiit  ch^irKe  in  tti«  direction  fram 
A  to  n,  a*  it  is  moved  from  A  to  l^  niay  be  supposed  to  mnain  corutaBl^ 
apd  to  be  equal  to  ttic  avcniKe  Ibrcc  that  acts.  Tlw  u-urk  dane  by 
the  unit  rhart;c  a.%  it  in  mo^-nl  front  a  to  B  u-iU  therejoiv  be  cqunl  to  Fs, 
where  /  i«  ihc  dUuncc  from  a  to  i>,  niea«(ircd  alonj;  the  line  of  force, 
that  ii,  ilie  disunce  through  w)iich  the  char]^  is  moved  »\anyc  the  Ime  of 
action  of  (he  force  F,  Hence  the  vork  done  mi  the  unit  charge  ii  -  Fs. 
Ecjuatini-  ihe  iwo  exprvsnons  we  have  now  obtained  for  ihe  work  done 
on  the  unit  charge  when  it  »  moved  from  a  to  B,  we  }gtt 

l\~l\=-Fs, 


or 


F-- 


Now  the  expression  on  ll>e  right-hand  tide  of  this  equation  is  the 
difference  of  poicniiul  between  the  two  points  divided  by  the  distance 
between  the  points  measured  along  a  line  of  force,  or,  in  other  words,  i* 
the  rate  of  increase  in  tlic  potential  aloni;  liie  line  of  force  at  the  poinu 
A  and  B.  which  are  by  suppotiition  very  close  togeibcr.  Hence  the  force 
which  acts  on  a  unit  charge  of  positive  electricity,  when  plnced  in  an 
elcclrical  lietd,  in  e(|ua]  to  niinu«  the  rate  of  increase  of  the  potential 
along  the  line  of  force  at  the  given  point.  If  the  farce  acting  on  the 
unit  charge  is  rnn*tam,  it  follows  that  the  rate  of  change  of  the  potential 
must  also  be  constant.  Hvnrc  in  n  unifonn  electrical  field  (§  414/  die 
rate  of  change  of  the  potential  in  the  direction  of  the  lines  of  force  mml 
bo  constant,  and  thus  the  leiigtli  of  a  line  of  force  inltrccpled  between 
two  consecutive  cquipoteiiiiul  planei  uiil  be  the  same,  if  tlic  difTerencc 
of  potential  between  consecutive  ct[uipoteniiaI  planes  is  itself  constant. 

448.  ElecirlllcaUon  Confined  to  the  Surfaee  of  a  Conductor.— 
If  a  hulluw  iijiidutiinj^  vessel  h  clcctrifieKl,  the  whole  of  ibe  charge  it 
confined  to  the  outside  surface  of  the  conductor.  Tliat  thb  is  so  may 
be  shown  by  louthing  the  inside  surface  with  a  proof-plane,  then 
removing  the  proof-ptanc,  taking;  care  not  to  Inucli  the  sides  of  the 
orifice  of  the  charged  vessel,  when  it  will  be  found  on  testing  the  proof- 
plane  ihAt  it  has  not  carried  away  any  charge.  Another  way  of  proving 
thai  the  cbarKC  is  entirely  on  the  outside  is  to  lower  a  srnall  charged 
sphere,  attached  to  un  intnlatlnt;  tlituad,  into  a  hallow  conductor,  and 
allow  it  to  touch  the  inside  of  the  conductor,  and  then  wilhdi-»w  it,  when 
it  will  be  found  to  h.-tve  completely  lost  its  char)(e.  When  the  charged 
sphere  was  allowed  10  touch  ihe  inside  of  the  hollow  conductor,  it,  for 
the  time  being,  formed  part  of  this  conductor  ;  and  since  it  entirely  lost 
ill  charge,  we  can  infer  that  the  charge  on  a  conductor  is  entirely  con* 
Aned  to  the  outside  surface. 

449.  Force  Exerted  on  a  Charged  Body  placed  within  a 
HoUoW  Charged  Conductor.'— Since  the  surface  of  a  ch.it^ed  con* 
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duciOT  ii  an  equipment iai  «ur^c<-i  Ibe  uhnic  or  ihc  space  wiihin  must  tw 
M  l)i«  same  poicntial,  so  long  as  ihcrc  nrc  no  charged  bodies  wiiliin  the 
cuimIuciot.  For,  suppoov  that  within  ilie  surface  of  ilie  conductor  there 
were  an  eqtii potential  surface  corret'jiondini;  to  a  higher  potential  than 
the  poteniial  ol  the  surface  of  ihe  cunduclor.  then  there  wtiuld  be  line* 
of  finite  ttIRni^J{ever^-whe^:  to  the  oiilcr  equipolrnlial  surface  from  this 
inner  one;  ftnd  since  these  lines  of  force  tnim  of  necessity  slart  from 
^  p<*siiivcl>'  electrified  body,  it  would  follow  that  ibcie  must  be  a 
posiiit«ly  clecirilied  body  within  ilie  conduciur,  which  is  contrary  to 
our  (ni|;in»I  supposition.  In  ilic  sanii?  v.xy  it  wnuld  follow  thai,  if 
ibera  existed  an  cquipotentiul  surface  of  luuer  potential  than  ihat  of 
the  sarliKe  of  the  conductor,  there  must  be  a  nejtaiivcly  elccirificti  body 
within  the  conductor.  We  arc  tbcrrfore  led  10  the  conclusion  that 
there  can  be  no  point  within  a  closed  conductor  at  a  diflTerent  potenlitti 
frotn  iliai  of  tlie  surface,  unless  there  are  charged  bodies  within  the 
conductor. 

Since  ihe  strength  of  an  electrical  fletd  is  equal  to  minus  the  rate  of 
change  of  the  potential,  it  follows  that  if  the  poicniinl  is  constant,  that 
is,  if  its  rate  of  chanici:  is  *ero,  there  will  lie  no  elcciricnl  force  exencd 
whliin  the  conductor.  We  thus  see  that  it  follows  from  the  fact  ihal  the 
charge  of  a  conductor  is  confined  to  the  ouiside  surface,  that  there  is  no 
farce  eicrttwl  wiihin  a  tharycd  conductor  ;  and  it  can  be  shown  that  ihis 
condiiiion  can  only  lie  fulfilled  if  Coulomb's  biw  (^  443),  thai  ihe  force 
«urted  between  two  charged  bodies  varies  Inversely  as  the  square  of 
Ihe  distance^  is  trie. 

Take  ihc  case  of  a  uniformly  elecirilicil  sphere,  and  suppose  n*e 
tctjoire  to  find  tlio  force  at  a  point  P  ((""'K.  439);  Through  V  draw  a 
series  of  lines  formini;  a  cone  with  P  as  vertex,  and  inicrsecling  the 
stirfiKcof  lite  sphere  in  the  small  areas  j-and  S.  Then  ii  can  be  shoon' 
lhat,  if  r  and  R  arc  the  distances  of  these  areas  from  the  point  P,  then  i 
is  to  s  as  /*  is  to  R*.  tlence,  as  the  density  a  of  the  charge  on  ihe  spheri! 
is  uniform,  the  charge*  on  the  are^s  /  and  s  are  proportional  to  these 
areas,  ihal  is.  in  the  ratio  of  r'  to  k*.  If  now  the  force  cxeiied  is  in- 
versely as  the  square  of  the  distance,  the  ratio  of  the  fortes  exerted  at  P 

>  Snoe  Ibe  tanfenii  ai ;  aitid  s  make  equal  luiglet  wlUi  the  dmd  im,  U«y  must 
■mIk  eqnat  aac^  '■  *'<h  ^"Tt.  ilraw*  thieUEh  ibe  poinU  a  and  >  at  right  an^ta  to 
Ibe  cbordL  If  1  is  tbe  n'i<I  uKle  uf  ibr  mw  at  !■.  Ibe  ana  ti  a  cteu  Hctioa  oT  ihit 
eeoe  — iln  by  ■  plane,  •ic.  at  ngbi  aneln  to  the  aiis  or  the  coos  ii  w^.  Ileace  Ihi 
am  (oMtocpied  by  tht  cone  en  ■  pUiw  indinod  oi  nn  angtt  t  tt>  the  axis  b  ur*}tt»  f. 
If  lh«  BngtE  H  It  nnal!,  ihc  am  intneepteil  on  ibe  lanfenl  plane  I*  Ibe  mm*  u  tbc 
■mt  ikiereeplH)  on  ibc  iphov.  uid  M  the  area,  i.  of  the  urtm  of  the  tphrre  inwr- 
ctp«nd  Ity  the  cone  U  wr*i'CDi  #.     In  tbc  mne  way  the  am,  S,  toierccpicd  by  Ihe 

:  to  c^mI  to  HBS.'ces  A     llenca 
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by  the  cfaarK««  o«i  the  siif&oes  t  and  S  «tll  be  at  ^  :  ^-. 


Hence  we  mc 


that,  if  ib«  invrrae  ftqiinre  law  hold*,  the  forc«  e»!ned  at  the  point  r\ij 
(he  ctiarvei  on  (he  portions  of  Ihe  surface  of  the  splicre  iiiicrL-cpted  bjr 
the  tone  are  equal  aniJ  opposite,  so  tliai  thej-  neutralise  eath  other.  Tfce 
»aine  will  hold  for  the  tliarjjcs  on  the  portions  of  tlie  surface  inlctcepltti 
b]r  any  other  cone  drawo  throut;b  t> ;  and  tince  the  whole  lutlacc  of  Um 
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sphere  can  be  divided  up  inio  pairs  of  cones  of  eqiuil  aiigle  and  having 
a  common  vcrwx  ai  p.  and  if  the  inverse  squaru  law  holds,  [lie  force* 
dilc  10  ihc  chniKes  on  the  portions  oif  the  surface  intercepted  b}-  each 
pair  of  cones  just  neutralise  each  other,  the  whole  electrified  surface  wiQ 
exert  no  force  at  the  point  P.  Since  eiperiinent  shows  that  there  it  no 
force  exerted  at  P.  we  infer  that  the  supposition  that  the  inverse  square 
\xm  i>  true  is  correct,  for  if  the  force  varied  as  any  other  power  of  the 
distance,  there  would  be  some  force  exerted  al  p. 


CHAPTER  \' 
CAPACITY— EI,nCTRICAL  ENERGY 

460.  Capacity  of  «  Conductor.— There  is  a  ronnant  relntian  be- 
tveen  ihe  ctijtrjje  of  a  tonducior  anil  iis  poieniial,  for  if  ihc  dciiMiy  of 
the  cliar(,"e  at  every  point  of  a  comluctor  is  doiibicd  the  lol.it  chaigc  will 
also  be  doubtetl, and  ibe  force  cxcricd  on  a  unil  charge,  placed  anywhere 
in  the  neighbourhood  of  the  rhnrgcd  canductur.  will  also  be  doubled,  so 
that  the  work  done  in  temMing  the  unit  cbnT){C  from  the  nciglibourhuod 
oJihc  cooduciM  tn  a  place  of  icro  potential  will  be  doubled,  that  is  llie 
poccniial  of  the  conductor  will  be  doubled.  This  constant  miio  of  the 
charge  of  a  conductor  lu  ili  potential  ii  called  the  (afnniiy  ai  the  coo- 
diicior.  TIius  if  a  charge  Q  mi*e*  the  poicntial  of  a  conductor  to  V,  the 
capacity,  C.i*  Riven  by  the  relation  C-^j'''-  If '1'^  ciwi  duel  or  is  chained 
to  Hnit  potenii.i!,  then  P*"  i  and  the  capacity  is  numerically  cqii.il  to  the 
charge  nec«i*ary  to  charge  the  conductor  to  unit  potential.  Hence  »■« 
nay  atso  deline  the  cap.iriiy  of  a  conductor  a*  the  chaige  wliich  rtiust  be 
communiealw!  to  it  to  raise  lis  potr-nllal  \rs  one  unit 

461.  Condensers.  -  We  b^ic  srcn  in  §  447  that  if  an  nniniulalcd 
conducinr  i(  brought  neixr  a  charged  body,  the  potcnti.nl  of  this  latter  is 
dbiiniftbcd  on  account  of  the  inilucedcharj-e  on  the  iinin^ulaicd  conductor. 
Hence  the  potential  of  the  inMil.iiedi.onducior  produced  by  a  f,-ivenchari(c 
b  le»t  wben  the  uninsulated  conductor  i»  near  than  it  is  when  this  con* 
diictuT  i*  absent ;  in  other  word*,  the  eflect  cX  \i\\9,%va%  the  uninsulated 
conductor  near  the  churned  one  is  to  increase  the  capacity  of  this  latter. 

Wc  nuy  (Consider  (he  umc  probleii\  in  a  somewhat  more  direct  way,  If 
»«  suppose  that  a  given  conductor,  say 
a  plaitc  All  (Fig.  440),  IS  iniulalc^l  and 
then  charged  to  a  potential  /■'when  at  a 
diMance  from  all  other  ronduclors. 

Let  a  second  plane,  which  is  con- 
nected wiih  canh,  be  placed  at  such  a 
distance  frotn  All  that  its  prcscDcc  docs 
not  appreciably  alTecl  the  electrical 
condition  of  aU  Then  the  work  that 
h  done  in  carrying  a  tinit  ti\  positive 
riectridty  from  a  point  !■  near  ah  to  a  point  r*,  which  is  at  wn>  potential, 
it  equal  to  V.  Next  suppose  tliat  ttie  uninsulated  plane  is  moved  near  to 
ABi  into  the  position  ri>,  so  that  an  appreciable  charge  is  induced  on  it. 

tn 


C    A 


D    I 


KK;.44a 


6%2 


Magttttism  and  Electricity 


^45" 


The  work  lliat  must  now  be  done  \o  mwc  ibc  unit  charge  from  P  lol' by 
tlie  iKimi:  pilli  as  berorr  will  be  lets  than  before,  ft>r,  on  ncoounl  of  the 
aliraciion  cxcrled  on  (he  unit  cIiAi|;e  \ff  tlie  ni'i^aiit-e  cluise  induced  oa 
CI),  ihc  force  cicrtetl  on  the  unit  i»  everywhere  lea*  than  ii  was  befert 
Hence  ihe  polcniUI  of  ak  is  le«  than  it  w.it  before.  As  the  plane  ci>i» 
moved  nearer  to  Alt  the  aniouni  of  the  induced  nc)^tivr  cbar};e  incrrsiet, 
and  the  toflueoce  of  this  negvlive  induced  chanfe  in  diniinishio};  the 
repulsive  force  exerted  mi  tlie  unit  charge  becomes  i;renicr  and  greiter, 
and  hence  the  potential  of  AB  becomes  less  and  les*.  The  charge  on  ah 
rcinaiiu  however  (he  same,  nnd  therefore,  since  the  potential  (o  which 
thi«  rhnrgc  is  capable  of  mising  AB  diminishes  as  tlie  uncbarf[cd  and 
nniiituUtc<l  cnndoclor  CI>  is  brought  near,  it  follows  that  (he  capadlyof 
Alt  muKi  increase  as  the  conductor  cii  is  1>[ouf;h[  near.  M,  ins(ead  of 
kcepini;  the  charjje  on  AH  con*Uiit,  »«  had  kept  lilt  potential  conslint, 
then  we  should  have  had  to  increase  Ihe  charge  on  Ab  u  the  condnctor 
CD  wat  brought  up. 

An  arrsriKemcnt  of  two  conductors,  one  of  which  \%  insulated  and  the 
other  is  uninsulated,  placed  near  one  another  n-ilh  an  insulator  bct««en, 
is  called  .1  condenser.  The  name  mndcn.ser  was  jfiven  to  such  aa 
aiTunKeuient  on  account  of  the  fact  (hat  llie  presence  of  the  second 
uniniulaicd  cnnduc(or  a|>pe:irt  to  exert  a  condeiisini;  acdon  on  the 
electrical  chnrKC  on  the  insulated  conductor,  so  that  for  a  given  potentiai 
it  cfin  receive  a  much  t;rcatcr  charKc  than  it  could  wiihouc  the  preseace 
of  the  uninsulated  conductor. 

The  capacit)-  of  a  condenser  Is  the  charj,-©  which  mus(  bo  communi- 
cated <«  the  tnsubted  conductor  (o  raise  its  po(ei)iial  throuj^h  one  unit  ol 
poCcniial.  The  two  oondoctors  of  a  condenser  are  sometimes  called  ihe 
armatures  of  the  condenser. 

The  commonest  form  of  condenser  is  that  shown  in  V\%.  441,  and  it 
called  a  I^ydcn  jnr.  It  consists  of  a  ^m%  jar,  die 
interior  of  which  is  coated  with  tinfoil  up  to  within  an 
inch  or  so  of  the  lup,  and  a  iiieUl  knob  which  is  in 
ccmductin);  cum  muni  cat  ion  with  this  inside  coathtK. 
Tliis  tinfoil  forms  ihc  insulated  armature  of  live 
condenser,  the  uninsul.iicd  armature  being  formed 
by  a  coating  of  tinfoil  on  the  outside  of  the  jar. 

Another  form  of  condenser  which  is  commonly 
used  consists  of  a  ptate  of  glass  or  some  othe« 
insulating  matenid,  whidi  is  coated  on  each  side 
Willi  a  sheet  of  tinfoil  or  some  other  conductor,  a 
margin  of  an  inch  or  so  being  allowed  all  round  (be 
edge  of  the  glass.  One  coating  is  connected  with 
AU!th,ftBd  (he  other  fonns  the  insulated  arioniure  of  (he  condenser.  This 
•nuigenien(  is  sometimes  called  a  rulmiualiug  piine. 

If  lh«  insulated  armature  of  a  condenser  is  charged  to  a  potential  ol 
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V,  tlie  oi)i«r  armature  beint;  at  a  potential  leni,  and  this  armature  a  then 
insulated,  <rhtle  the  Annaiiirc  wbirh  n';ia  at  first  insulated  \i  put  tu  ranh, 
thin  annaUire  will  nut  loxe  mucli  of  its  charg«,as  now  ihcraleiof  the  wo 
annaiurei  are  reversed,  (or  what  was  origiiiatly  tlic  induced  charge  i»  now 
Ihe  iiidiii;in>;  chaise,  while  the  former  inducing;  charge  is  now  the  induced 
charge.  When  a  cnniknser  is  charged,  most  of  tlic  lines  of  fi»cc  Ht  retell 
ai:in»t  from  one  armature  lo  the  other,  few  stretching  from  the  insuUicU 
nimaiure  to  Mirrounding  objeciv  Now,  in  order  lo  discharge  a  charged 
conductor,  ilio  bodies  on  which  the  oiber  nods  of  the  tubes  of  forcu  which 
Jeare  ibu  comlucior  terminate  rnust  tic  put  in  conducting  <x>nimunicaiion 
with  the  conductor.  For  we  may  iti)nginc  that  when  a  chargecl  Ixidy  is 
put  lo  earth  by  means  of  a  condiiciiDj;  cnmmiinicaiifln,  such  at  .1  wire, 
lliat  iho  two  cniU  of  cich  tube  of  force  iravd  along  the  conihiciini;  uiio 
lomnU  one  another,  ihc  tul>c  nf  force  xhorlcninic  up  in  virtue  of  the 
tension  which  exists  along  every  uich  lube,  until  the  Iwn  ends  conie 
together  and  the  tube  of  force  shrinks  to  nothing.  In  the  cusc  of  the 
Ooadcnser,  if  ihc  two  armatures  ate  pul  in  conducting  communication  all 
ihe  tubes  of  force  are  able  to  shrink  to  nothing,  that  is,  the  condenser 
beciKDes  completely  ditchaigcil.  If,  however,  after  charging  the  unin- 
tulaicd  aniMturc  is  insulated,  and  tlie  tnltcr  armature  a  put  in  condiiciing 
communicatioo  with  ranh,  only  those  lubes  of  force  which  sireicli  front 
tliil  itrmature  to  the  surrounding  unrnsuUled  conductors,  such  as  the 
walls  of  l!ie  room,  will  be  able  lo  shrink  and  vanish.  The  great  majority 
of  the  lulics  which  stretch  fnim  one  annaturc  to  the  other  will  not  be  Able 
lo  shrink,  for  the  amiaiurcs  arc  not  in  conducting  communication. 

462.  Spedflo  Inductive  Capacity.  If  «  condenser  is  foimod  by 
lu-o  cooilucling  platen  An  and  t.'<>  (Fig.  441).  placed  paiallrl  to  nne 
aootlicr,  the  inicr>cning  insulator  being  air,  the  capacity  will 
have  a  definite  value,  say  C.  If  now,  while  the  two  armature* 
are  kcpi  at  the  y-imr  diitunce  apail,  the  atr  between  the  plnie:i 
i*  replaced  by  tome  other  insulator,  say  paraflin,  ihe  capacity 
of  llio  condenser  w  ill  be  altered,  in  ihe  due  taken  the  capacity 
will  be  increased.  \Vc  thus  tee  thai  ihc  capacity  of  a  crnidcitter 
depends  nut  only  oa  th«  geometrical  conditions  of  the  annatures, 
loch  as  their  sii<v  shape,  and  distance  apart,  but  also  on  tlie 
natinc  of  ihe  medium  which  Alls  ihe  space  liclwecn  the  plates. 
Tbu  bet  is  cxpiessed  by  saying  that  dielectrics  a<  the  media 
tieiwecn  the  arinaluics  are  called,  have  dilTcrcni  tffdfic  inJut- 
thrt  ei^dtiet. 

The  (pcciAc  induciire  capacity  of  tbe  air  is  taken  as  unity, 
and  that  of  any  other  dieWiric  b  measured  by  the  laiio  uf  the  capacity 
of  a  condenser,  nf  which  ibc  given  subatance   is  the  dielectric,  lo  Ihc 
capadly  o(  the  a-vne  ooodenaer  when  the  given  medium  it  replaced 
by  air. 

Thus  if  the  capacity  of  a  given  condeniaer  with  air  as  ibe  dteleicirk  b  C| 
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it*  capodtjr  when  the  air  is  rephced  by-  a  dietectric  of  which  ih«  specific 
indunivc  cnpnrily  ii  A"  will  be  CK, 

In  onicr  to  cnin|xtre  lite  (pedlir  indixlive  capachi«s  of  difibent 
dielecliic*,  Knniday  used  n  cotMlensier  of  the  form  shown  in  Fi(;.  443.  Ii 
ron«ii«c<l  of  nn  fl«ter  brass  %ptierc,  Pq.  made 
up  of  two  hcfnisphcics,  which  tii(i-<l  uccuratelf' 
tO};ethcr.  This  foimcd  ih»-  uiiiDiuIaiciI  nnna- 
lutif  of  ihi-coitdcnwr,  the Mlierarmaiurc being 
funned  fiy  .1  btOM  splwre,  C,  «-hirh  wn»  held 
in  a  position  cnnrcniric  u-iili  ihe  outer  spfceie 
by  mean*  of  a»  iniulating  mA,  \.  A  meul 
wire  pauing  down  ihrouj;h  a  allowed  the  inside 
sphere  lo  be  charged. 

Two  czacity  simiinr  condunicrs  of  this  fo»n> 
were  made,  and  one  of  Ui«n  wai  ch»r(^  by 
means  of  Ihe  rod  ft,  the  outside  hollow  sphere 
bcinK  c:onnectc<l  lo  cnrlh.  The  nutgnitudc  of 
the  charge  iiiipaneii  lo  the  condenser  ^L'ai  then 
dcierniincd  by  tuudiitt^  11  with  a  proof-pUoe, 
the  chui^e  taken  away  by  the  pUne  being 
mcasutcd  with  the  torsion  biil.inc&  Tlie  knob 
II  was  then  connected  with  ihc  nimilAr  knob  of 
the  other  condenser,  to  that  the  two  sbartd 
the  charge.  T1)e  charge  of  e.icli  was  ibts 
tested  by  meaiix  of  the  proof-plane  ai  before, 
and  was  found  to  be  the  same,  thus  showinji 
thai  the  capacity  of  the  two  condentcra  wm 
the  iainc.  as  from  their  equal  &ii«  and  stiap« 
ought  la  be  the  ca*e: 
Next  the  space,  "m,  bctn«en  the  inside  and  oul5lde  spheres  in  one 
of  the  tondensei^  was  filled  with  ihe  nicdiimi  of  which  ihe  specific  indur- 
ihrc  capnrity  was  lo  lie  dctenninrd.  The  nthrr  c>indenser  was  ihen  ajinin 
charged,  the  amount  erf  the  charge  being  ineasutcd  as  before.  The  knohc 
of  the  iwo  condetners  were  then  connected  together,  and  the  potential 
again  measured.  In  ihe  case  of  such  a  dielectric  as  paraflin,  the  potential 
of  the  two  is  coniiderably  less  tlian  half  the  poiential  cf  the  air-conden.ter 
before  the  two  ate  put  inio  communication,  hence  the  paraffin -condenser 
has  t.ikrn  more  than  half  the  charge  of  the  air-con  denser  j  »nd  since 
when  tlicy  arc  connected  the  potential  10  which  they  01c  charged  must 
Iw  the  sniiic,  it  follows  thai  the  capacity  of  the  condenser  in  which  the 
dielectric  is  paraffin  must  be  greater  than  thai  of  the  one  in  which  the 
dielectric  is  air.  In  order  lo  calculate  the  specific  inductive  capacity,  AT, 
of  ihe  parafBn,  suppose  that  the  potential  to  which  the  air-condenser  was 
originally  char  Ec<i  wat  J',,  while  ihc  polcniial  of  the  lu-o  rondcn  sets  when 
joined  together  is  V^     If  C,  and  C,  are  the  cajiaciiies  of  the  condensen 
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«rf  which  llie  dielocirics  aie  air  aincl  paiaffin  respeciively,  tlieii  the  original 
charjjc  fsi  Ihe  aircundpnicr  i*  C,  I'l.  "'I'lc  "'b  tharge  after  il  lius  been  put 
into  coinmuniaiiion  with  the  piar3ffin-t()nii«nscr  is  '',(.",.  'I'hc  tliarae  of 
the  paraflin-condenicr  ix  cc|Ual  to  VX^  Inn  llils  mu^t  aUo  be  rigual  to 
the  chniiKC  lost  by  the  air-mndenscr,  that  is,  to  r,t',-  V.,Cv  Thus  ihc 
ftprcilic  inductive  cupncity  of  the  paralTin,  which  by  definition  is  equal  to 
ihc  ratio  of  the  capacity  of  a  condenser  of  wliicli  Ihc  diclccuic  is  pniafliii 
to  The  capuciiy  of  the  iiaiiie  condenser  vrh«D  (he  dielectric  is  air,  can  be 
found.    For 


to  that 


BenuQc     -    . 

■     3-3 

Air   ....     ijotxxt 

Ethyl  alcnhol 

.  as-o 

Carbon  dioxide  1.0004 

PetroleuRt  .     . 

■    3-r 

Hydrogen      .    0,9997 

Turpentine     - 

.     2.3 

Vaseline     .     , 

■    a.3 

Ai  we  shall  see  later,  the  dclerminniion  of  ihc  »peciSc  inductive  capacity 
of  different  diclccirics  h  of  gtfM  interest  fmni  iti  bearing  on  the  etecinv 
tnagnelk  theory  of  light.  In  ihc  foltowinK  table  the  values  oif  the  spcciiic 
inductive  capacity  of  some  diclocirics  arc  given.  The  values  obtained 
depend,  in  the  case  of  solids,  on  the  physical  condition  of  the  solid  as 
well  as  on  the  duration  of  the  electrical  dmrge  employed  in  the  nicaMiro- 
mciil. 

Sl-KftKlC  l!*lH;(,TIVK  Capacitv. 
Ebonite  ...  3.5 
CIm*  ....  6.0 
Shellac  ■  ■  ■  ■  3.3 
Sulphur  .  .  .  ija 
Mica     .    .    .    .    &o 

46S.  BneiVT  of  a  Chargred  Condenser.— Suppose  that  a  condenser 
of  capacity  C  is  ch.irgcd  10  a  potential  l',  the  uninsiilaicd  armaiute 
being  at  the  poieotial  lera  Since  the  poicmial  of  the  one  amiaiiiFe  is 
y,  Mid  ihai  of  the  other  is  O,  the  wotk  done  in  towing  a  unit  c1iar),'e 
from  one  arinaiure  to  the  other  will  be  I '  Hence  if  we  hupgiosc  1h.1t  the 
cond«n>«r  t*  dischat^d  by  the  pruceii  of  curr>'in);  the  chHrge,  one  unit 
ill  a  linie,  from  one  annaluie  to  the  other,  the  u-»rk  done  during  the 
lianiiiereiicB  of  the  firat  unit  will  be  I'.'  On  account  of  the  lost  of  thi> 
amotml  of  the  diaiKe  ihe  potential  will  be  reduced  10  f-  l/C,  for  Ihe 
original  chaise  was  f  C,  and  the  rhar){e  after  the  abstraction  of  one  unit 
ii  VC'l,  fttul  UiiK  charge  will   rtiiic  the  polcaiial  of  a  condenser  of 

yc—  I 

tkpkdty  Cto  a  poicniial  -  ■ .  .  Hence  the  work  done  in  carrying  the 
■econd  tmit  from  one  ajuuture  to  the  other  will  be  t'-i/C,  and  so  on. 

■  ti  wOl  rvktljr  be  a  tiitle  Xm  limn  I',  dnce  tbe  nnmni  <tl  the  fnl  airil  «ill  mliwa 
thr  (faarfaOB  ttownMiwa.     If.  tmonvrc,  I'ti  pml,  tn  ihM  Iht  removal  i;^  ■ 
anil  makn  iilih  rfen,  v  i/  •«  itmoic  Ina  than  a  uail  cacli  Itec  the  crrai  e 
m':f"^  can  be  i—rii  iKgll|ablc 
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Since  i/n^of  the  origiiultiiaTge  b  remnvcdriich  tiin^ali«r«  timn, 
•rfacn:  n  ii  nun>criciilly  t(|u.-il  In  VC,  the  cnndcnMr  will  be  icnplcltly 
dUchArgcil-     ItcDce  the  IMai  amount  of  work  dmtc  in  the  ditcbvgc  » 

the  sum  of  Ihc  series  F4- (  K- ^v) +  (  r- ^.) +  / P- ^-W -+ (k- ';^ 

This  scTtM  i*  uji  ariilimvikal  progresuun,  and  Ike  suin  of  the  tmiu  b 
equal  to  half  tbe  sum  of  the  (int  niui  Inst  tcnrn  multiplied  by  the  nomba 
of  temu^  thnt  ii,  Ili«  total  work  done  in  [be  dischAr^e  is  ^I'Cff'tfO) 
or  \y^C.    ItiU  exprcuion  inny  alM>  be  wriitcn  in  iho  fonnt  \QV xrA 

J^i,  where  Q  t«  the  original  chart;*  ^  ■'^  condenser.     Since  iho  aiMi 

done  in  the  discharge  must  lie  equal  to  the  wof  k  done  dunni;  ilie  chaf^ 
the  above  ocpressiom  alio  express  the  nxirk  done  in  chaining  a  con 
denxr;  in  (act,  tbcse  cxprcsrioos  ip^-e  thecnet|[y  ofa  duigcd  coodcBXi 


FI0.4M. 

A'iK  to  the  chatjre.  We  may  look  iipo"  a  rlisrged  condenser  ns  pOMM- 
ins  xlorcd-up  cncrjiy  due  to  (he  smin  which  is  set  up  in  the  dielectric, 
just  n»  liic  coilcdiip  spring  of  a  waich  possesses  cncrjry  due  to  the  SUrtc 
of  sitnin  ii  \%  in  due  to  it*  ddoniiaiioii. 

Tlic  tpnrk  and  t)ie  accoinpanyin),-  noi«c  on  i)ic  discharge  arc  boili 
evidence  of  iHl-  enerK)'  which  is  set  free  when  a  c^Jiidciiscr  ix  (lisch.-iTticiL 
The  heal  produced  by  the  dischnrsc  of  a  nindciisf  r  iiiay  be  shown  and 
touBhly  nicasored  by  means  of  the  atranfiement  shown  in  Fig.  444,  ]uid 
call<^d  Ricts'scleclric  thcrniomclcr.  It  con.iisti  of  a  k'-'>ss  Klobe  to  which 
is  attached  a  narrow-bore  glass  tube,  jlic  end  of  which  is  connected  to 
a  reservoir  containing  some  coloured  water  A  fine  pUiinuni  wire  is 
stretched  across  the  bulbbciwccn  two  metal  terminah  which  are  b«vugbt 
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ihrouxh  the  side*  of  the  bulb.  The  prcsture  of  |1:«  air  in  the  bulb  is 
adjusterf  V  thai  ihc  liquid  in  the  tube  comci  lo  near  the  lop,  and  ihen 
a  clwrged  condooscr  is  (li»cliar>,'«l  through  Ilie  wire  by  attarhing  one 
lerniinal  lo  the  outside  cosiin)-,  and  then  bringing  the  knob  of  the  Ini^ide 
continK  near  the  other  lermmaL  On  the  puufe  of  the  ditcharge  iho 
wire  become*  heated,  and  the  air  in  the  ihem^onteicr  expands,  forcing 
the  li<iiiid  down  ihc  lube. 

If  ft  coiidcnitcr  of  capacity  C,  is  gii-en  n  charife  Q,  it  will  poises;  a 
qoaittity  of  elc<tria»l  cnerify  C/lCi-  If  now  it  is  caused  to  share  ilx 
diargc  with  a  s«cond  condenser  of  capacity  ('^  by  cnnneciing  together 
the  two  outside  coatings,  .wtA  then  brint^iiij;  (he  inudc-  coatings  into  con- 
ductin;;  com mtinita lion,  the  tharite  will  be  shaird  by  the  two  jars.  The 
ComMned  charge  will  now  be  e<|iia)  (o  the  original  chaige  uf  the  lirst  jar, 
rtile  the  combined  capacity  is  C',  +  C';.  Hence  the  energy  of  the  two 
COndenscTii  U  t^;'i(C,  +  r^.  Sinrc  ("i+^'l  "!*■*'  necessarily  be  greater 
(ban  f'l,  il  follows  thai  the  cncrRy  of  llie  two  condensers  is  less  ihan  that 
of  ihe  one  before  It  had  ih-*red  i\s  charge  with  the  oiher.  This  low  of 
energy  is  represcnied  by  the  cncr(,-y  spent  as  heal  In  the  spark  which 
always  p^isse^  when  tlw  change  of  ihe  one  jar  is  shared  wiili  the  other. 
If,  instead  of  one  of  the  condensers  being  originally  uncharged,  they  ate 
both  charged,  and  their  inner  coating*  are  then  connedcd  tOKeihcr,  eo 
that  Uiey  share  their  charges,  it  can  be  shovrn  that  thecc  is  aluays  less 
CBcrgy  ■'>  tl"*  combined  chaiges  after  they  have  been  btuught  lo  the 
sanve  potential  than  lher«  was  originally  in  the  Iwo  Mparate  charges, 
excepi  in  the  case  wlien  Ihcy  were  originally  at  the  same  potenfial.  when, 
nf  course,  no  conimuni ration  ofcliarge  from  one  lo  the  other  lakes  place 
oa  iheir  being  put  in  cnmmunication,  and  ihtts  no  rncrt;y  is  wasted  in 
the  fimnalion  of  a  tjvtTk. 

4M.  Condition  of  the  Dielectric  in  an  Electrical  Field.— The 
iatporiaiil  part  played  b>*  the  dielectric  in  the  cue  of  a  Lcyden  >aT  may 


FW.445- 

be  thown  in  a  i-ery  striking  manncT  by  means  of  a  jar  didt  as  is  sbown 
in  Fig.  44Ji  of  which  tlie  arauturc*  are  renMvable.     If  such  a  Jar  i* 
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chaTged.  and  tbon  t)i«  inner  «nd  oulcr  nrriMtui^s  .ire  removed  with  a  pm 
of  inmlntin);  tongs,  dbdurKv't  i^  then  rrplnccd.  it  b  found  Ibai  the 
ili«cban;c  whicJi  can  be  obtained  fnim  tlw  rcconfttnicled  jar  tx  nlntasl  is 
sitong  as  if  liic  nrmatum  hod  nol  b«cn  r«in<n-cd.  I'hix  cxpenniem 
tlmws  bow  tbc  (lurRf  of  tbc  jnr  U  rcAlly  iluc  to  some  chan^'c  whieli  Iiai 
been  jmidtKedin  Utc  diekcirk.  If,  nftn  ibe  removal  of  the  coalings,  tbc 
KIjim  iiieir  ib  di^cliar^ed  b>'  piHsing  il  thtougli  a  flame,  no  diMha^ie  can 
be  oI>tam«(l  when  the  jar  iii  put  to^etlicr  aKain. 

The  phenomenon  of  aljHMpiion  alw  illutiraicx  ihc  fact  tbat  ibe  energj' 
of  adiarged  Ijeyden  jar  u  stoicd  up  in  iii«  dielccirvc.  [fa  jar  b  chatted, 
then  ditrhan^  by  omiteiriinj;  iii  two  coatings  to\  a  lecond,  after  a  thon 
time  it  vill  be  found  poci«iblc  to  obinin  a  (iirtlicr  ditcbaige,  and  after  some 
lime  another,  and  »o  on,  cacb  ditclurxc  being  feebler  tban  ibc  pfcvicnu 
one.  These  residual  charges,  as  they  arc  mlled,  Mcm  to  show  that  the 
elecincal  chaise  produces  in  ilie  dielecnk  iomeihinf  of  the  nature  of  a 
•ub-permanenl  set  or  strain,  and  iliai  the  complete  reoo^-cry  from  thli 
ttrain  lake*  time. 

The  fact  ihat  ibc  dielectric  between  Iti-o  diat^cd  bodks  n  tn  a  »ute 
of  strain  is  shown  by  some  experiments  which  are  due  to  Kerr.  We  have 
s*an,  wlien  dealing  "ilh  ihc  subject  of  liRlit,  thai  when  an  isotropic  body 
\%  placed  between  rromed  Nicols  (§  4to]  no  li^li'  parses  lhnHi;;li  ibc 
analyung  Nirol.  If,  bowcver,  the  isotropic  body  is  put  into  a  state  ol 
(train,  il  becomes  temporarily  do  tiblc- refract  in «,  and  ihc  light  is  aWc  lo 
pass  through  the  nnaiyscr.  Wc  may,  ihercfore,  use  a  pair  uf  croctted 
Nicols  to  detect  the  presence  of  r  stale  of  strain  sw  up  in  an  iMMrofnc 
mediitm  under  any  ^'<\tR  conditions.  Kerr  inuncrsed  two  Rat  metal 
plates,  f  nnd  n  (Fi^.  446],  in  caibon  bisulphide 
+  „  and  paised  through  the  liquid  between  the  plates 

^      -^  A  beam  of  plane  polarised  linht  in  a  direaion 

perpendicular  to  the  paper.     The  principal  plane 
of  the  polarising;  Nicol  was  parallel  lu  AH,  and  on 

vy  mrninj^'  ilio  analysing  Nicol  till  its  principal  plane 

'^        ^        was  piinllel  to  CD,  alt  the  liglil  was  cut  off.    When, 
however,  the  plates  P  and  N   were  brought  to 
different  poleniials,  so  thst  an  electric  field  was 
produced  in  the  carbon  bisulphide  ihrougli  which 
Flo-  446.  the  plane  pnl.-irised  light  «.is  passing,  the  lines  of 

force  of  the  field  bdng  pAinllcl  10  XX'.  and  there- 
lore  perpendiculartQthedirr-Ciionof  propagation  of  the  lighi,  and  inclined 
at  an  angle  of  45^  to  the  principal  planes  of  Ibe  Nicols,  the  light  wasable 
to  pass  tb  rough  the  second  Nicol.  This  experiment  shows  th.il  thccarbtm 
bisulphide,  which  under  ordinary  conditions  is  perfectly  isotropic,  becomes 
doubly  refracting  under  the  influence  of  the  electrical  fleld.  Il  also  shows 
th;it  the  supposition  us  to  the  existence  of  a  tension  along  the  lines  of 
force  and  a  pressure  at  right  angles  to  tlic  lines  is  justified. 
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Since  the  dielectric  ptay*  such  an  imporlaiit  pari  in  all  electrical 
pbencnnciiAi  il  is  oJ  k'^"'  imporlancx^  in  ^xnminr  in  tlctail  the  condition 
of  ih«  dictcciric  in  an  rlcciricjil  field.  In  order  lo  form  ft  mcnliil  picture 
<rf  ibc  uate  of  ibc  dieieciiic  in  nn  clcclrical  field,  Faraday,  who  first 
drew  attention  to  the  import«iii  part  played  by  the  dielectric,  imai;ined 
the  system  of  lines  and  tuben  of  force  of  which  <vc  have  already  made 
MMne  use.  In  the  following  section  nc  shall  study  morr  in  detail  the 
properly  of  Faraday's  lubes  of  force,  .-ind  ur  shall  Ai^d  thai  they  very 
completely  represent  the  stale  of  an  electrical  Acid  not  only  in  a  tjiniliUf 
live  nay  but  alM>  (juanlitalifcly. 

,  .  466.  Tubes  of  Foi^e.— Suppose  that  a  vtry  small  conducting  sphere 
j4  is  cliarj^cU  wiih  v  "ni'»  of  positive  electricity,  then  if  H  is  removed 
from  the  Dcightxiurhoud  of  other  condtictois,  the  lulici   of  force  will 

~  q>reMl  out  fmm  the  charjied  sphere  radially  in  all  diiociions,  brint;  imi- 
fomily  spaced.  If  an  inuif^nary  sphere  were  desrrihcd  *iih  ^  as  centre 
and  a  radius  r  (r  bang  considerably  greater  than  the  radius  of  tlie 

'-charged  sphere^  the  area  intercepted  by  each  tulie  of  force  on  this 
Hirface  vvuld  be  the  same.  Since  the  charged  body  it  charged  with 
f  anil*  of  positive  electricity,  f  tubes  of  force  will  leave  it*  surface,  and 
bence  f  tubes  of  force  will  cut  the  sphere  of  radius  r.  Therefore,  since 
ibe  area  of  a  sphere  of  ladius  r  is  437^,  the  number  of  tubes  of  forcv 
which  cat  iIh)  unit  area  of  this  spliere  is  f!4rf*.  Now  if  the  sphere  /( 
is  sul&cienily  small,  we  may  regard  the  charge  as  ccncentraicd  at  a 
point,  namely  the  centre,  an<l  therefore  the  force  exerted  on  n  unit 
charge  at  a  distance  r  fmm  the  cenire  is  f-r'.  Itut  the  force  cxrried 
on  Uw  unit  charge  is  whal  wc  call  the  strength  of  the  fietd,  io  that  the 
nrenfih  t4  the  electrical  field  at  the  surface  of  the  sphere  of  radius  r 
H  f'l*.  We  have  just  seen  that  the  number  of  tubes  of  font  per  square 
centimetie  at  ih*  surface  of  this  sphere  isy;4«^.  lltnce  the  strength 
9f  ibe  field  is  numerically  equal  to  the  product  of  the  numlier  of  lubes 
tt  fortv  per  square  centimetre  into  4a'.  This  result  may  be  put  in  a 
•ocnewlial  differtnl  form,  for  the  number  of  tubes  of  force  being  f,  and 
the  area  over  which  they  arc  spread  being  4wr*,  the  crMs-acction  of 
each  tube,  n-bere  it  cats  the  sphere  of  radius  r,  is  4wf*,'f.  Hence  the 
Mrength  of  the  field  ts  equal  10  the  quotient  of  jr  by  the  cnm-seciion, 
taken  at  right  angles  to  the  lines  of  force'  of  ilic  tube  of  force  passing! 
through  t1>c  given  point.  I'hus  if  /  is  the  cntss-section  of  the  tube  of 
force  passing  through  a  point  /',  the  strength  of  the  6eld  at  /'  being  ^', 
we  have  the  following  relation  :— 

IT/*,  is  tlie  strengtli  of  the  fteld  at  one  point  of  a  tube  of  fotc<  wliere 

t  Btocc  the  Una  <d  torn  cut  ii>  «|iii|>oieiuial  lutbM  •]  tlgbl  angka.  1  It  ilie  area 
IntcntpMd  by  the  ittbt  U  force  on  iheeitulpoinulaliwbcepaalagltvoBgh  ikegl«w 
VHM. 
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the  crou-seciion  is  «„  and  /*,  i*  the  tlnnph  of  ibc  Add  m  anuther  put 
of  iho  iiib«  whnv  itio  cTOu-tcdiati  is  *„  wc  luivc 

Thm  (he  praduct  of  Ibc  «rengih  of  tbc  lield  at  nny  poini  along  x  tube 
of  forre  into  ihe  cra«v«tbnion  nf  the  tube  of  IVirce  ai  ihc  poiai  is  cno- 
stniii.  Nnw  the  prodiin  nf  ihc  cl«clricnl  force  in  a  dircciiun  at  Hb'hi 
aogln  to  a  surface  into  lUc  area  of  that  mrlAce  is  railed  the  clectricil 
induction  through  the  surface.  Thus  the  induriion  through  n  normal 
cross-MCtion  of  a  tube  of  force  i»  consiant.  for,  as  we  have  «een  «lyn-e. 
■he  product  of  the  force  into  Ihe  area  of  the  nurmal  crass-«eciioa  ii 
eoostanL  and  it  equal  to  4*.  Since  Ibe  iiuluciion  thtvusbout  n  tiibe  of 
force  it  conttani,  such  a  ttilie  may  be  called  a  lube  of  induction-  tf 
we  define  a  unit  lube  of  induction  as  one  in  which  the  induciioo  is  unitf. 
each  ofour  anil  tubes  of  force  will  bce<iua1 104^  onit  tubes  of  induction. 
ITiut  oa  c&ch  square  reniimctrc  of  the  furfarc  of  a  conductor  which  it 
charged  to  a  surface  dciiftiiy  <r  there  wilt  end  4ir<r  unit  ttibci  of  induclioa. 
496.  Action  of  a  Uniformly  Charg«d  Sphei^  on  an  ExUroal 
PolnL— Suppose  we  linv^  a  conduciinK  sphere  of  radiut  r,  which  tt  at 
a  ffrral  distance  fmm  all  other  cnnduciort  and  is  cbarifed  with  Q,  units 
of  poiilii-e  elcclriciiy,  and  vie  require  to  tind  the  s<ien);tli  of  ibe  field 
at  an  eKtcmal  point  at  a  distance  R  from  ilie  centic.  Since  Ae  sphere 
is  uniformly  diargcd  and  is  at  a  jvTt^at  distance  fmn  all  other  conductors, 
the  linn  of  force  must  ev«r)-whcrc  he  radial,  while  the  lubes  of  force 
will  be  cones  having  their  apexc^t  at  the  centre  of  the  sphere,  and  wSl 
all  Iw  of  the  same  dtjncnijons.  If  a  sphere  were  deii<:ribcd  hav:n|;  ihc 
same  centre  as  ihe  charged  sphere  and  of  radius  A',  each  tA  the  tubes 
of  for<«  would  intercept  the  ssme  area  on  Iliii  sphere,  while  il  would  cut 
each  of  the  tubes  at  right  angles.  Now  53  tubei  leave  Oie  cliarged  sphere^ 
su  ibai  the  area  intercepted  by  each  tube  on  the  sphere  of  radius  R  will 
be  ^riejOf  Hence  if  /■'  \%  the  strength  of  the  field  at  any  poini  on  the 
sphere  of  radius  Jt.  since  the  force  is  equal  to  jr  divided  by  the  imrmai 
cron-seciion  of  ihc  tubes  wlicrc  they  cut  this  sphere,  we  have — 

But  if  the  whole  charge,  Q,  of  the  sphere  were  concentrated  at  the  centre, 
Ibe  force  exerted  at  a  point  nt  a  distance  R  would  he  (J't'-".  Hence  tbc 
force  exerted  at  an  cilemal  point  by  a  uniformly  charged  sphere  is  the 
same  as  would  lie  exeilcd  if  the  whole  charge  were  concentrated  at  the 
centre  of  the  s-phcre, 

467.  Distribution  of  Energy  in  a  Field.— Suppose  that  we  have 
two  conduaing  surfiices,  A  anil  B,  forming  a  condenser,  and  that  they 
arc  at  such  a  distance  fruin  nil  other  conductors  that  all  ihc  lines  of 
force  which  leave  the  one  surface  terminate  on  the  other.  The  potential 
of  the  plate  B  being  kept  icro,  let  the  plate  A  be  charged  with  Q  units 
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of  poutivc  elecliidty,  so  thai  its  polcalial  »  V.  Now  the  energy  of  Ihc 
charged  condenser  u  Qyi'i  and  th«  tnial  number  of  tube*  of  force  in 
ihe  6eld  is  (^  so  that  tbn  quotient  of  the  enet)^  of  ibe  charged  ron- 
dcnicr  by  the  number  of  Iiibc«  of  forre  U  V{%.  Next  suppoM;  ihal  ihc 
dbtance  bciwcen  ilic  plates  is  decreased.  The  rvsuli  will  be  thai  the 
capacity  of  t)i«  condenser  will  be  increased.  And  so,  if  the  chart,'«  Q  on 
Ihe  plate  A  remnins  the  nxat,  iis  potential  uill  decrease.  Let  us.  how- 
ever, iiicmM!  the  potential  of  A,  that  of  B  beinjf  still  kept  wro,  till  the 
potential  of  A  has  hi  previous  value  V,  and  let  the  new  charge  on  A 
be  (/.  The  eneruy  of  the  condenser  is  now  Q!l'/2,  while  (/  lubes  of 
farce  occupy  the  field.  Ilenr.c  the  quoiicnl  of  the  enei]^  by  the  numWr 
9f  titbo  b  f  j'l,  that  is,  has  the  «aiTic  value  as  before.  If  ue  suppose 
lluK  tacli  ttibc  of  force  contributes  m  equal  amount  lo  tlie  cncrjo'  of 
the  field,  then  the  contrihuiioti  by  mch  lube  »  ihc  s;iii}c  in  tlie  too 
cases,  namely  yji.  The  question,  however,  arises :  Are  we  justified  in 
tuppovin);  that  each  lube  contributes  an  equal  amount  to  the  ener^-y  of 
Ibc  6ekl,  fur  some  of  the  tubes  will  be  ihort  and  stretch  almost  stmiKht 
fmn  one  plate  lo  the  Mher,  white  others  niny  be  quite  long  and  suvep 
round  in  a  gri^ai  curve  from  one  plate  to  the  other.  Now  we  bat«  seen 
abm'e  that  as  long  as  ibe  diffctcDce  of  potential  of  the  plato,  that  is, 
the  difletence  of  potential  between  the  two  cods  of  the  tubes  of  force, 
is  kept  Ihe  same,  the  quotient  obtained  by  dividing  ihc  energy  by  the 
number  of  tubes  is  the  same  whatever  the  rel.tlive  positioiu  of  the  plates. 
For  inuance  we  get  the  same  result  whether  the  pUics  are  placed  near 
lot^ther  and  parallel  to  one  another,  so  that  almost  all  the  lubes  stietrh 
Slraight  fioni  one  plate  to  the  utlier,  or  the  plates  aie  turned  so  iliat  one 
i*  at  righi  an^jles  to  the  other,  and  hence  a  larifc  proportion  of  the  tubes 
luve  to  curve  round  froni  nnc  plate  lo  the  oilier.  Cons  ide  ml  ions  such  as 
these  lead  us  to  infer  that  each  tube  of  forte  in  an  electrical  6cld  con- 
tributes an  equ.ll  amount  to  ihc  eoeigy  of  the  Geld. 

We  have  nest  to  see  how  the  energy  stored  up  in  a  lube  of  force  it 
ditiributcd  along  its  length.  Consider  a  sintflc  tube  ;  this  will  Stan  from 
a  small  area  of  the  plaie  Aj  on  >'hidi  there  will  be  a  unit  of  positive 
(kciriciiy.  Now  if  it  were  possible  to  move  this  portion  of  the  nur&ic  of 
A  along  the  lube  of  Ibfcc  to  the  plate  /I,  this  tube  of  force  wotiM  be 
aanihilated.  In  the  lirst  place  let  us  suppose  that  the  icmoral  of  this 
portMm  of  the  chaise  of  A  does  not  affect  ihc  potential  of  the  j^alr. 
Under  these  circumstances  the  woik  done  in  carrying  the  unit  from  oik 
end  of  the  tube  to  ihe  other  would  be  T.  Thus  the  desiniciion  of  the 
tt^  of  force  has  been  accompanied  by  the  perfainiance  ni  I'  units  of 
work,  while  the  energy  contained  witbin  the  tube  we  have  Kcn  is  ooly 
half  ihis  quantity.  The  rea»on  for  this  diflerence  is  thai  the  supposition 
we  have  made  as  lo  the  potenli.il  of  A  temainint;  i)ie  same  aftci  the 
removal  of  the  uitit  is  erroneous.  As  the  pottMKi  of  Ibe  plate  A  carrying 
lh«  unit  charge  is  moved  Awny  from  the  p!aie  .-1  Ibe  potential  »iU  giadur 
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ibo  crocs-wciion  is  f  „  snd  F^  n  lli«  strcnjilh  of  the  field  at  aJtotber  pan 
trf  tbe  inbc  vlicre  ihe  cro»4CClion  w  «,  wc  bave 

TIms  lti«  pmduci  of  the  Sretifith  of  the  field  at  any  point  along  a  lube 
of  fnrre  into  the  iTos«'*ecii>on  of  ilic  tube  of  force  ni  the  point  is  con- 
Etanl.  Nni*  the  product  of  ihc  clcctiiol  kircc  in  a  diiwrtion  at  rigbt 
Miglrs  lo  »  uiTface  into  the  area  of  iKnt  KurfnM  i*  called  the  electnoJ 
induction  through  the  suifitce.  Ilius  the  induction  through  a  nonnil 
crosfr-teciion  of  a  tube  of  force  h  constant,  for,  as  we  have  seen  abore, 
the  pivduct  of  the  force  into  the  area  of  the  normal  cross-section  ii 
constant,  and  is  n^ual  lo  aw.  Since  the  induction  ihruughout  a  tube  of 
Ktrcc  is  constant,  such  a  tnbe  may  be  called  a  tube  of  induciion.  )f 
we  deline  a  unit  tube  of  indiiciion  a«  one  in  which  the  induction  is  ututy, 
each  of  onr  unit  tubes  of  farre  wilt  be  equal  to  4*'  unit  tubes  of  induction. 
Thus  on  each  squRtc  centimetre  of  the  surfnrc  of  a  conductor  which  is 
cliaigcd  to  a  siirf.icc  deniily  tr  tlirrc  will  rnd  41™-  unit  tubes  of  induction. 
4M.  Action  of  a  Uniformly  Charged  Sphere  on  an  Exumal 
PoinL — SuppiHc  we  have  a  conduciins  sphere  of  radius  r,  which  is  at 
a  Krcal  disinnce  rinm  nil  other  mnduaorx  and  is  charged  with  Q  units 
of  positive  electricity,  and  wc  require  to  find  the  simi^th  of  the  ^A 
at  an  cstemal  point  at  a  distance  A"  from  the  centic.  Since  the  sphere 
is  uoifonnly  charged  and  is  at  a  {.'reat  distance  from  all  other  conductors, 
the  lit>cs  of  force  must  everywhere  lie  radial,  while  the  tubes  of  force 
a-ill  be  cones  having  Ihcir  apexes  at  the  centre  of  the  sphere,  and  will 
all  he  of  the  saioe  dimensions.  If  a  sphere  were  described  having  the 
same  centre  as  the  charged  sphere  and  of  radius  A',  each  of  tlie  lubes 
of  force  would  intercept  the  same  area  oit  this  sphere,  while  it  would  cut 
each  of  the  tubes  at  rght  angles.  Now  (2  tubes  leave  the  charged  sphere, 
so  ihac  the  area  intercepted  by  each  tube  on  the  sphere  of  radius  Ji  will 
be  4»A'',iG.  Hence  if  /■'  is  the  iirength  of  the  field  at  any  point  on  the 
sphere  of  radius  K,  since  the  force  is  equal  to  ,4'  divided  by  the  normal 
crats-section  of  tbe  tubes  where  they  cut  this  sphere,  we  have — 

Kut  if  tlie  whole  charjje,  t,',  of  the  sphere  were  concentrated  at  the  centre, 
the  force  exerted  al  a  point  at  a  distance  A'  would  be  (?,'A',  Hence  (be 
force  exerted  at  an  extenul  pnint  by  a  uniformly  cbargrd  sphere  i«  the 
same  &%  would  he  exerted  if  the  wholtr  charge  were  concentrated  at  the 
centre  of  the  sphi-tc. 

467.  Distribution  of  Energy  In  el  Field.— Suppose  that  we  hare 
two  conducting  surfaces,  A  and  B,  forming  a  condenser,  and  that  they 
arc  at  such  a  distance  ftotn  all  other  cunilucton  that  all  the  lines  of 
force  which  leave  the  one  surface  tenninatc  on  the  other.  The  ]>o[eniial 
of  the  plate  B  being  kept  uro,  let  the  plate  A  be  chaigcd  with  <2  uniia 
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of  positive  clcctr'icily,  so  ihsi  its  poientini  is  V,  Now  th«  eiivrv?'  "^  t^c 
chwgcd  condcDMr  is  Ql'!i  and  the  lotal  number  of  lube*  of  force  in 
ih«  field  is  Q,  so  tliat  theqaoiiem  of  the  energy  of  ilie  chnrned  con- 
den^r  by  (he  number  of  lubes  of  force  is  f/i.  Next  mppn^c  ihat  the 
djitance  between  the  pl.ttcs  i^  decreasnl.  The  muh  will  be  that  ihe 
cqncity  of  Ihe  condenser  «-ill  he  ininT;>scd,  nnd  sn,  if  the  charge  Q  on 
the  pUtc  A  remains  the  khuic,  its  polcntijil  wiU  deciwtsc.  Lcl  us,  how- 
ever, indcHKc  the  polcmi^l  of  A,  that  of  H  being  still  kept  rero,  till  the 
potcntiitl  of  A  has  ixs  previous  v:ilu«  V,  and  let  tlie  new  cliait;e  on  A 
he  Q'  The  energy  of  tlie  condenser  Is  now  J?!' 2,  while  (J  tubes  of 
force  occupy  lite  field.  Hence  the  (|uoiieni  of  the  energy  br  the  number 
of  tubes  is  J73,  thai  u.  has  the  Km\c  value  as  before^  If  we  luppnsc 
that  each  tabe  of  force  contributes  an  r.qiul  amount  to  the  energy  of 
the  field,  then  the  contribution  by  each  tube  is  the  •anic  iti  the  two 
cat»cs,  n.ime)]r  t72-  The  question,  however,  arises:  Are  we  jtisiified  in 
»uppo«inK  thai  each  tube  contributes  an  equal  amount  to  the  eneigy  uf 
Ihe  field,  (tw  aome  of  the  lubei  will  be  »liort  snd  Mtttdt  xhiMMt  straight 
boni  one  plate  to  the  other,  while  othen  may  be  <|uite  lonj;  and  sweep 
round  in  a  great  curve  from  one  plate  to  the  other.  Nnw  wc  have  seen 
above  that  »  long  as  the  dilTerrncc  of  potential  of  the  plates  that  is, 
ihc  difference  of  poicaiial  bciwi-cn  the  two  ends  of  tlie  tubes  uf  force, 
it  kept  the  same,  the  iiuuiieni  obuined  by  dividint;  the  energy  by  ibe 
number  of  ttibcs  is  the  same  whatever  the  relative  positions  of  the  plates, 
for  instance  we  gel  ibe  same  ruult  u  belhcr  the  plates  are  placed  near 
together  and  parallel  to  one  another,  so  that  alinoM  alt  the  tu1)es  stretch 
straight  from  one  plate  to  tlic  other,  or  the  pUies  ate  turned  so  that  one 
it  at  right  angles  to  the  other,  and  hence  a  Urge  proponion  of  ilic  lubes 
hav'c  to  curve  round  from  one  plate  to  the  oUicr.  Cons idtiat ions  such  as 
ibese  leAd  us  lo  infer  that  each  lube  of  force  in  an  electrical  field  con- 
tributes an  cqunl  amount  to  tlic  energy  of  the  field. 

We  have  ne^t  lo  see  how  the  energy  stored  up  in  a  tube  of  force  u 
distributed  along  Its  length.  Consider  a  single  tube  ;  this  will  start  from 
a  small  area  of  the  plate  A,  on  which  there  will  be  a  unit  of  positivv 
ekctricity.  Now  if  it  were  possible  to  mos'c  this  portion  of  the  surfa<:e  of 
A  along  the  tube  i>f  force  to  the  plate  P.  ibis  tube  uf  force  wouM  be 
•nniliilatcd.  In  the  Rrst  place  let  us  suppose  that  the  removal  of  this 
portion  of  the  charge  of  A  doM  not  alTecI  the  potential  of  the  plate. 
L'nder  these  ctrciintstances  the  uotk  done  in  carrj'ing  the  unit  from  one 
ei>d  of  the  tube  to  the  oilier  n-ould  l>e  V.  Thus  the  destniction  of  tbe 
tiibe  of  force  has  been  accotii|>anicd  by  the  performance  of  V  iHiits  of 
work,  while  the  eneriO'  contained  within  the  lube  wc  have  seen  is  only 
half  this  <iuanliiy.  The  reason  for  thit  diflitrcnce  it  ihai  the  supposiiMn 
we  have  made  as  to  the  potential  of  A  lenuining  the  same  after  iha 
removal  of  the  unit  is  erroneotis.  As  tbc  portion  of  the  plate  A  carrying 
the  unit  charge  is  mos'ed  away  from  the  p!atc  A  ihc  potenlial  will  gradu- 
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all}-  fall.  Thic  remit  of  this  TaII  ortlM  potential  cS  Art  tluit  the  quantity 
at  cnency  itored  Dp  in  eachodlte  tubes  which  are  kf(  strcK^iiii)-  ixocxA 
to  £  U  reduccfl  Now  it  cait  be  shown  that  the  loss  on  iliis  uccuuat  is 
euctly  cquiLl  to  the  loss  on  account  of  th«  drsiraction  of  tl»e  tubt%  am!, 
birthcr,  tli;ii  the  ntn  at  which  the  \<n-iti  occur  as  tlw  tube  is  ffradually 
destroyed  by  the  tnotion  of  the  portion  of  the  plate  A  carn-inK  the  entl  it 
the  same  in  the  two  cjucs.  Hence  the  work  done  during  the  movement 
of  the  unit  charge  from  n  point  P  of  the  tube  to  a  nnehbounnf;  point  Q 
ii  cquAl  to  the  >um  of  the  encrg)-  cooiAiued  vtthin  tlic  portion  of  ilie  tube 
included  between  /'and  {l^and  the  lossofeticrKy  of  the  condenser  owins 
to  the  doereaso  of  the  dilTerence  of  potential  beiwMD  it*  plalei.  Since 
tbe»e  two  Vs'snti  of  energy  ace  eigual,  ilie  encniy  contained  m  th«  part  of 
the  lube  between  P  and  (^  is  lulf  the  work  which  is  done  when  the  unit  is 
carried  from  /'  to  Q.  Now  the  electrical  Ibrrc,  /\  varies  along  titc  lube^ 
bulif  we  consider  the  two  points /"and  Q  sufficiently  near  logciher,  we 
may  consider  that  F  remains  constant  over  ihJs  distance.  Hence  the 
work  done  in  carrying  the  unit  from  P  Xa  Q  will  be  F.  fQ,  for  the  force  P 
act*  alone  the  tube,  that  is,  along  the  direction  of  the  path  PQ.  Thus  the 
energy  included  in  ihc  tube  of  forKcbetn-een  /'and  (2  '*  ft/'Qll.  Hence 
the  cneigy  stored  in  unit  length  of  the  tube  is  F^X  so  that  the  energy 
stored  up  in  unit  length  of  a  lulie  of  force  is  numerically  equal  to  half  tliO 
olectiical  force  at  the  piiit  of  the  tube  considered. 

The  cross-section  of  a  tube  of  force  at  a  point  where  the  force  is  F 
being  4)r//-',  the  volume  of  unit  length  of  the  tube  in  this  part  of  the  lield 
is  4ir,'/-'.  But  the  energy  stored  tip  in  unit  length  of  the  iub«  «  F'l. 
Hencc4Jr,'/"c.c.  of  the  field  contains  /%'!  units  of  energy, /,/.  ergi.  Tlieft- 
fore  the  energy  contained  in  unit  volume,  ttai  is,  one  c.c,  of  the  field,  at  a 
part  where  the  electrical  force  is  F,  U  F^jSw. 

If  the  difference  of  poieniia!  between  the  ends  of  a  lube  offeree  is 
and  we  draw  the  cquipolential  surfaces  so  that  the  difference  of  potential 
between  consecutive  surfaces  is  one  unit,  these  surfaces  will  divide  each 
lube  into  I^  small  portions  or  cells.  The  whole  energy  stored  up  in  the 
tube  being  f,'i,  the  eneigy  stored  in  each  cell  will  be  half  an  erg. 

As  we  shall  see  later,  the  method  of  looking  upon  the  energy  possessed 
by  a  charifed  conductor  as  stored  up  in  the  fielil  leads  to  many  important 
generalisations,  and  the  calculations  we  have  made  above  will  help  lo  give 
the  reader  some  mental  grasp  of  what  is  implied  when  a  cert^n  region  b 
said  to  be  a  field  of  electrical  force,  and  to  appreciate  how  completely 
this  field  is  mapped  out  by  the  ti;!>es  of  fnne. 

4fi8.  Strantfth  of  the  Field  near  *  Charged  Condueur.—tf  the 
density  of  the  charge  at  a  given  point  of  the  surface  of  a  charged  con- 
ductor is  o,  then  tr  tubes  of  force  will  start  from  the  unit  of  area  of  the 
surface  of  the  conductor,  and  since  the  tubes  of  force  inlcrse-ct  a  conduct- 
ing surface  at  right  angles,  the  cross-section  of  a  tube  in  the  immcdialo 
neighbourhood  of  the  surface  will  be  l/».     If  the  surface  densJiyii  noi 
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uiiiform,  the  same  will  siJII  hoM  good  in  virtue  of  the  manner  in  which  w« 
have  dttincd  llie  mciiiuic  of  ihe  surf:ic«  (l«n&il}'  when  it  is  vuriabic,  for  if  ^ 
ii  (he  cbarjjc  on  a  sm;iil  i-lemcnt  of  surface,  ha,  tiurroundin);  ihe  given  ptiini, 
tli«  surface  density  is  3f,i&i ;  but  »ince  if  tube*  of  force  leave  tlie  small  aiea 
^,  ibecrou-sccticinof  a  Kinj(lc  lube  i%  t^a'tq.  Nun'  wcliavc  seen  in  §45; 
thai  thescrcngih^fa  l^eld  is  cijiinl  10  4iryt,  where  jis  the  cross- sect  ion  of 
lh«  tube  of  foKX  of  the  liclct  at  the  given  point.  Hence  llie  slrenf:th  of 
the  field  in  the  imiiiedi«tc  nciglibourhood  of  a  charjjed  conductor,  ai  a 
point  where  the  surface  density  of  the  charge  \s  v.  is  4>rir.  \Vc  have  in 
the  above  argument  assumed  that  the  IuIms  of  force  leave  the  surface  of 
the  mailueior  at  the  point  considered  on  one  side  only,  as  would  be  tlie 
case  if  the  portion  of  the  surface  considered  forms  pan  of  tlie  outside  of 
a  doted  lurfacc,  for  under  these  conditions  tberv  is  no  force  within  the 
Mirtace,  and  so  all  the  tubes  of  force  must  leave  the  portion  of  the  coft> 
ducior  on  the  one  side  In  the  case  of  an  unclosed  conductor,  such  a*  a 
plane,  llterc  arc  two  ways  of  regarding  the  problem.  If,  as  is  usua],  w« 
lake  ^  aa  the  charge  on  both  sides  of  unit  area  of  the  plane,  then  the 
lines  of  Ibrcc  will  iiart  out  e<)ualty  fioni  each  side  of  the  plane,  so  that 
the  number  of  tubes  of  (brt'e  leaving  eadistiuare  centimetre  oneitherside 
will  be  v',''2,  and  the  crass- sect  ion  of  a  tube  of  force  tn  the  immediate 
ncilfhbourhood  of  the  sur^ce  will  be  i.V.  Henco  in  this  case  the  strength 
of  the  field  will  be  x'^en  by  /■ "  Jirir', 

459.  Mechanical  For««  Exertod  on  each  Unit  of  Area  of  a 
ChargOd  Surface.  -  Let  ahc  (Fig.  447)  represent  a  section  <if  a  closed 
conductor  which  is  chnT|;cd  so  that  the  surface  density  over  a  small  anra 
of  the  Eurfoce  at  AC  is  v.  Let  ujt  consider  tlie 
etecirical  force  at  two  points,  l>,  and  r^  one 
just  outside  and  the  other  just  inside  the  surbce 
of  the  condoctor.  We  may  consider  that  the 
force  at  these  two  points  is  niade  tip  of  two 
partly  namely,  the  force  due  to  the  portion  AC 
of  the  chaigcd  surface  and  that  due  to  the 
part  CBA.  Let  the  force  at  the  point  !■„  due  to 
the  portion  cba,  be  A„  then,  since  the  two 
point*  P|  and  P,  are  by  stippoution  v«ry  near 
together,  the  force  due  to  the  part  ciiA  of  the 
coitducior,  which  is  at  a  ramparatively  great 
distance  from  both  points  <*'■')  he  the  same  for 
boih,  namely  Fy.  Abo,  since  the  portion  AC  of  the  surface  it  small,  it  is 
practically  plane^and  so  the  force  citeried  at  the  two  points  r,  and  V^ 
which  arc  smilarly  situaieid,  wilt  be  ctiual  in  magnitude  but  opposite  in 
diraciion.  Thus  if  the  forre  due  to  AC  at  P,  is  /',  acting  along  the  outward 
tlrawB  normal  10  the  surface,  the  force  at  P,  wilj  bo  -  /*,.  Hence,  adding 
together  the  two  component  forces  for  each  point,  we  get  that  the  force  at 
Ti  b/'|-h^B  wliile  tbeforoeat  fiii  /■']  — /-'^    But  the  point  ■■,  being  within 
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a  cloiei)  canductar,  tlie  ionx  tlien:  »  icru,  wUile  ««  liar«  jiut  seen  Uiot 
Ihe  forrc  at  a  pnint,  nvh  Ai  P,,  just  ouUkk  the  surfuce  af  a  conductor 
charged  (u  a  mrfiicc  demiijr «,  ii  4ir«,    We  tbefcfore  sel  that 

Nov  >',  is  th«  Vtt^x  ill  P,  or  P,  due  lo  llic  ponkm  CUA  of  the  charKcd 
condactor,  and  ihciefbre  if  we  unni;inc  that  the  ponioiu  AC  uf  the  luriaoe 
were  ilisconnecied  fr«m  the  re»t,  without  in  any  way  :iU«iing  the  dixlnbu- 
tion  or  Ihe  charj^c  tlic  ciix-lric^!  fc>rc«  acting  at  llic  point  wh«rc  iHi^ 
portion  of  ihc  nirface  U  niuatrd  is  /■*,  or  2»«.  Now  if  a  i*  the  area  of 
the  portion  AiMh«char)fe  on  this  portion  is  irii,  and  so  the  mcclwiniGilfoKC 
iri  the  direction  of  t)ie  nomial,  which  this  portion  ol  the  conductur  would 
experience  owing  to  the  action  of  the  n^t  of  llic  conductor,  n  aa.l'x  ur 

Although  for  deamesi  we  h.xve  luppoicd  the  portion  connidcred  to  be 
tc|>aratcd  from  the  mt  of  ihci  surface,  the  tame  fisrce  ia  cxetted,  alibouch 
ibii  division  docs  not  occur.  Wc  thus  sec  ihat  in  the  case  of  a  clutrytd 
coiMluctor,  on  i  very  anoll  clement  of  area,  a,  there  is  exeUrd  an  outward 
force  3I^ff^t,  where  •■  is  the  density  of  the  cliarcc  on  the  element  ia  <|«e)f 
tion.  This  force  acts  cvcrj-wherc  normally  lo  ilie  uirlace,  for  the  force  at 
■be  pnioi  ]■,  is  normal  to  the  surface,  since  the  lint i  of  lorc'e,  at  liai  been 
thown.  evcryn'hcrr  rui  a  rondurtinK  surface  at  rij;ht  anklet.  The  outward 
nonnal  forcr  exerted  on  the  unit  of  area  \i  aitir'.  This  forrc  is  of  the 
natuTc  of  an  liydrostaiic  pressure,  and  if  the  conductor  is  expansible,  as 
for  instance  is  the  case  with  a  soap-bubble,  it  will  catisc  the  conductur  lo 
expand  when  it  is  elecltificd. 

The  elccirical  force,  /■",  al  P,.  thnt  is.  the  force  <lue  to  ihe  whole  i^harn^ 
conductor,  bting  4^0,  we  ge'  'hat  the  merhanical  for<!e  experienced  by 
unit  area  nf  ibc  surface  of  ihc  contiuctor  is  w /v'j  or  /-Via. 

460.  Tension  alony  the  Tubes  of  Fore*.— We  bave  s««n  m  (he 
last  section  ihal  earli  unit  of  area  ofa  chared  conductor  experiences  an 
outward  mcchamcal  force,  due  to  the  charge,  which  amounts  per  unit 
area  10  /Vj'i,  where  F  h  tlie  electrical  fort*  just  outside  ibe  portion  of 
the  charged  surface  cxinsidered.  and  <r  ii  ibe  density  of  ihc  rhar)^  on 
this  portion  of  the  surface.  Now  ihe  number  of  tubes  nf  force  which 
start  from  unit  aura  of  the  surface  is  n,  and  hence,  if  ue  siippntc  that 
each  of  these  tubes  exerts  a  tension  on  ihc  surface  of  ihr  ronduclor  equal 
to  fit,  the  total  tension  exerted  on  unit  area  will  be  />,':,  that  is,  is  of 
the  actual  amount  which  oorurs.  Hence  we  are  able  to  account  for  the 
mechanical  forces  which  act  on  bodici  when  placed  in  an  cleclric  field, 
)f  we  suppose  thnt  each  of  the  tubes  of  foK*  is  >n  a  state  of  tension,  the 
niaKniiiidi;  of  the  tension  lieing  at  each  point  eiiual  to  tialf  the  electrical 
force  at  that  point. 


ifire  taltea  unit  of  axca  on  an  equipoieniial  plane,  paising  Ihiuugh  a 
point  /',  that  i«,  at  riglil  angles  to  the  tubes  of  force,  the  number  of  lube* 
which  cross  this  unit  of  area  will  be  f'JAV,  where  /■'  is  the  force  al  P. 
ilcncc,  as  ilic  icii&ion  along  carh  tube  of  fmxe  1*  Fji,  the  tension  in  the 
air  acioM  ibc  unit  o(  akh  \%  A'j'Sir. 

As  in  have  already  tneiitioncd,  (hi«  tension  ii  not  aluac  sulficieni  lo 
account  for  the  dlslTihutiuo  of  ilic  tubes  of  force,  bui  it  can  be  shuwn 
that  if  in  addition  we  imagine  that  there  extols  a  pressure  at  rit;ht  angles 
to  the  linc^  of  force,  of  nhich  the  magnitude  is  /■''{iir  per  unit  area,  then 
this  disiribiiiioa  cnn  he  accounted  for. 

461,  Dl6l»ctrlcs  oUter  than  Air.— We  liavQ  bithcno  confine*!  our 
dnciiwion  of  the  i\M<:  of  ibc  clcrtric  field  lo  (hs  COM  wboic  the  only 
dielectric  pic^ient  was  air,  and  u«  liave  now  to  proceed  lo  coiivider  what 
alteiatiuiii  will  liave  lo  be  made  in  the  expteisions  we  have  deduced, 
when  Ihe  whole  or  }mn  of  ihc  field  i*  occupied  by  other  djelectrics. 

.Suppose  that  we  have  two  infinite  planes,  j-l  and  If,  placed  parallel  lo 
one  another  at  a  distance  d  apart,  and  that  the  plane  A  is  given  a 
positive  charge,  ^iich  ihai  ihe  surface  density  is  a.  I.ct  the  plane  /i  be 
kep*  al  »cro  potential,  and  the  potential  of  W  be  I'a  when  the  iJiclcciric 
SCftaraiin^  the  planes  is  Air,  and  I'i  wh<-R  the  dielectric  separating  the 
pbnes  has  a  sjicctfk  inductive  capacity  A". 

.Since  the  planes  are  infinite,  Ibc  field  of  force  between  ihe  plane* 
miHt  be  uniform,  so  that  the  tubes  of  force  arc  all  parallel,  sttctching 
ttiaighl  across  froni  one  plane  lo  Ihe  other,  and  have  cvciywhere  the 
wine  cross-section.  Since  Ihe  density  of  the  charge  on  ihe  plane  A  is  v, 
Ihe  number  of  lubes  of  force  which  leave  unit  area  of  the  surface  is  »,  and 
lience  the  cioss-seciion  of  each  tube  is  l/».  The  crosi-section  of  the 
tubes  will  be  the  laine  whatever  the  dielectric,  for  we  suppo^ie  that  the 
dcnuiy  of  the  chart^e  on  Ihe  plane  A  is  kept  ihe  same  in  all  cases. 

Now  the  capacity  of  unit  area  of  the  plane  A  will  bear  the  s.ime 
ratio  lo  ihe  capacity  of  Ihe  wbolc  plane  as  does  unit  area  to  the  total 
area  of  ibc  plane,  so  thai  wc  may,  if  we  like,  confine  our  attention  lo 
unit  area  taken  on  each  of  the  planes.  The  capacity  being  the  ratio  of 
the  (har|;e  on  one  plate  of  a  condenser  to  the  difference  of  polenlial 
lieiwcen  the  plates,  tbe  capadly  C«  Oif  unit  amt  of  the  plane^  when  the 
dielectric  a  air,  is  given  by 

for  the  charge  on  unit  area  of  either  plane  is  a,  and  Ihe  difference  of 
potential  lielween  the  planes  is  l-'^. 

In  ibe  same  way  the  capacity  of  unit  area,  wbco  the  dielectric  ts  not 
air,  b  aivca  by 

Now  the  ^>ec3lie  bdtictive  caparity  of  the  dielectric  is  defined  as  the 
ntio  of  the  capacity  of  a  cundenscr  having  the  given  diekcitic  separating 
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ih«  pUtei  to  the  capotcily  of  the  niite  condenwr  when  iii«  didcctric  it 
air.  Mcnce  i>«  lufc,  if  A*  u  the  specific  iDduaive  capacity  of  tltc 
didcdric. 

It  Fa  is  the  ekctrical  force  ai  any  point  between  the  plan«x,  vrhen  the 
dlcl«cinc  in  air,  th«  work  which  wuld  Ii:)vc  10  Ixt  done  to  cxrry  unit 
charge  from  oDe  pUnc  lo  the  olbcr  would  be  /^^f.  w>  tlut  Ihc  diflcmice 
ofpolenlial  la  between  the  plane*  is  given  hy 

In  the  iuimc  way,  if  Fk  is  ibe  clecirical  forf c  at  any  point  between  the 
pUacs,  when  ihe  diclcclric  hni  it  %pcciiic  inductive  capacity  A*,  and  f>  is 
the  difference  of  potential,  we  htivc 

Vt^Fk  it. 
Hence  FtjF.-  VaIV^-UK, 

or  FfF.jK. 

Now  iii  is  the  cnMS-toction  of  the  lahct.  of  force,  which,  as  we  ha^* 
seen,  will  be  the  same  in  the  two  cAses,  we  have 

Henc«  ^i=4Ci'A'». 

Tbus  in  Ihe  case  of  a  dielectric  of  specific  inductiv-e  capacity  A',  th* 
etectrical  furcc  at  a  point  is  1,'A'  of  The  (jLioiicnt  of  40-  by  tlic  cta*3> 
section  of  ih*  tube  of  force  ai  the  point.  Putting  A*  equal  unity,  that 
is,  dealing  with  air  u  the  dielectric^  we  obtain  ibc  expression  alnuidy 
fotind. 

If  X  is  the  number  of  tiibet  which  pass  through  unit  area  iaIcca  at 
ri^hi  angles  lo  the  lines  of  force,  wc  have 

Fk-iTNJK. 

Proceeding  in  ihe  same  way,  we  may  show  that  the  energy  stored  tip 
in  each  ccniimcire  of  a  lubc  of  force  is  /  i/a,  and  the  energy  per  cubic 
centimetre  of  the  dielectric  is  Ft^Kl&s.  Also  the  tension  in  each  tube  is 
Ftii,  and  the  tension  across  unit  area,  taken  at  rij-hi  anf;lcs  10  the  lines 
of  force,  is  /■}*A'i'8ff,  The  proof  of  these  expreisions  ne  will,  bowci-er, 
leave  as  an  etprcl5c  for  the  reader. 

402'.  Force  exerted  between  Two  Small  Charged  Bodies  when 
surrounded  by  a  Dielectric  other  than  Air.— Suppose  that  two  unall 
bodies,  A  and  fl,  cliarycd  with  Q^  and  Q.,  units  of  elccliicily  respectively, 
are  placed  at  a  distance  r  apurt,  and  are  immersed  in  a  dielectric  o( 
Kpccitic  induciive  capacity  K.     If  ihe  body  A  wcie  alone  present,  then 
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ihc  lubes  of  force  wliich  start  from  ti  n-itl  b«  uniformly  diatribuled,  and 
thtrcfore  since  there  are  Q^  nib»,  ihc  ccoss-scciiun  t  of  otic  of  ih«te 
lulxrs,  at  a  disiance  r  from  ihc  char);c(l  body,  will  be  xitr*iQ^.  liencc  if 
F  is  tlie  ctcctiical  force  at  a  point  /*,  ai  a  diviance  r  from  ih«!  charged 
body,  me  )iat-c,  ai  iihown  in  Ilie  last  lection, 

.     FmvrifCs-QJKf*. 

Now  f  is  the  force  which  would  be  exerted  on  ihe  unit  cliar^  if  placed 
at  /',  and  therefore  if  a  body  charged  with  i^}  uniK  were  placed  at  P,  the 
force  ei;ened  upon  il  will  be  FQ^  or  QtQi^f''^-  Hence  the  force  exerted 
between  two  iniall  char),'cd  bodies,  wIicd  imiiiereed  in  a  difleriric  nf 
specific  inductive  capacity  A'  is  l/A'  ti  of  the  force  which  wmdd  be 
exerted  if  IhC)*  wen-  pLiced  .it  ihc  siuiie  di*lancc  .ip;itt  in  air. 

463'.  Parallel  flate  Condenser  In  which  the  Dielectric  Is 
parUy  Air  and  pai>tly  another  Material.— Suppose  that  we  have 
a»  in  §  461,  two  inliiiitc  parjlld  tonduciiux  planes,  a  and 
B(Fi|;.  44^X  placed  at  a  diitanrr'/ apart,  and  that  bctn-cen 
ihetn  IS  placed  an  inflnite  parallel- fared  Unb,  CD,  of  a 
dielectric  of  (pccific  inductive  capacity  A'  Ihc  thickness  of 
Ihc  sUb  being  /.  Let  the  plane  a  be  charged  lo  a  surface 
density  9,  and  let  its  potentUI  be  K„  that  of  the  plane  b 
bang  kept  at  lero.  The  planei  being  infinile,  the  lube^i 
of  force  will  have  everywhere  the  snnie  cmts-xeclion,  1,  for 
(he  lines  of  force  «i1l  nil  be  parallel  and  at  right  angles  10 
the  planes.  Thus  the  cicrirical  force  F^  betueco  a  and 
C  and  between  D  and  B,  where  the  dielectric  is  air,  will  be 
given  by 
I  /\,»4ir/»-4inr, 

■  while  the  forte  F,  within  the  slab  of  the  dicledrtc  will  be  ^ 

nven  by 

Ft^i^lfri-Atfrlf:.  fiu-^S. 

Now  luppote  that  the  unit  charge  is  carried  from  near  the  plane  A  10 
■war  tbe  plane  11  along  a  line  of  force.  Tbe  distaiKe  mo^ed  through  to 
air  will  be  i^  -  /,  and  the  work  done  during  this  pan  of  the  path  will  be 
{J- ^Ft,  ot  Anaiii  -  ty.  The  distance  moved  through  in  the  dielctlric  is 
/,  and  the  u«rk  done  during  this  part  of  the  path  is  Ft.t  or  AiratSK. 
Thai  ihe  total  work  done  when  the  unit  charge  is  carried  from  a  to  e  is 
4«'(i'-/+//A').  But  this  is  equal  to  the  difTcrcnce  of  potential  between 
Ihe  planes,  hence 

Supftose  now  that  the  slab  nS  rftelectrk  were  removed,  the  *nf» 
bee  density  of  tbe  charge  on  a  remaining  as  befwe:.    The  work  which 
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wntiM  have  lo  be  ikmc  lo  carry  the  iinii  from  A  to  B  would  now  be 
^K9,i,  ilwl  U,  if  f'l  U  the  new  poccntial  of  A,  Ihat  of  S  bcitiK  ttill  icro, 
wc  have — 

Thus  lli«  diflercBce  of  poleniia]  produred  b>-  x  ){iv«n  clurgE  u  lcs«  when 
the  slab  of  dkleciric  is  intnxlticrd,  Ihat  it,  of-  roune,  sa|^K»ing  ihe 
specific  inductive  cspacii)-  A'  of  ilic  slab  is  greater  than  that  of  nir,  and 
htnce  th«  capacUy  of  ihe  <y>ndeiiser  is  greatei.  The  potential,  and 
iliciefure  al»u  ili«  caiKiciijr  of  the  condciuei,  wiili  air  only  as  the 
liivlcitric  wilt  be  the  iani«  as  th;ii  vihen  ihe  slab  in  in  place,  if  the 
distance  hctvccn  llie  pUlcs  in  rMluced  10  •/-/■(-//A*,  for  unt}cr  IheM 
circunituntrj  the  ■x)tk  lionn  when  the  unit  char^  is  carried  (tarn  a  to 
BiviU  be4»w(rf-r+y/A'),  that  is,  t lie  difference  of  potential  will  hav«  Ihe 
same  value  as  when  the  distance  bctuveii  the  plates  wtu  d^  but  the  tl^ 
vtsa  between  llic  pkitcs. 

4«4*.  C&paoitr  or  a  Sidiere  when  at  a  great  Dlstan«e  fl<oiii 
all  other  Conductor*.— Suppose  that  we  ha^-e  a  sphere  of  radtiti  A", 
suirounded  by  a  tliclcctric  of  spcci^c  inductii'c  capacity  A',  and  ptaccd 
at  a  great  disianca  from  all  other  conduciurs.  Now  we  have  seen  in 
§  456  that  ibe  force  exerted  bya  uniformly  charEeil  »pliere  at  all  exiemal 
point*  is  the  ume  as  would  be  exerted  if  ihc  charj;c  were  concccitraled 
at  Ihe  centre.  Hence  Ihc  forvc  exerted  on  the  unit  chat),-e,  when  placed 
ni  a  distance  d  liom  the  centre,  is  Q:Kd\  Suppoje  ib.it  we  lake  one  of 

the  tinea  of  force  of  the  tipbere,  ih^  b,  a 

•  Ann ttnught  line  which  is  llie  prolongaiiou  of  a 

"  **!  "\"i  radius  of  Ihc  ipherc,  and  thai  siartinji;  from 

¥%c..  449.  a  point  Q,  <y\g,.  449)  on  ihi»  line  wc  cany  the 

unit  chAfRF  alon^  (he  line  In  an  intinilc  drv 
lance  finm  the  sphere,  lh.11  is,  to  a  point  where  the  potential  b  lero. 
The  woik  which  will  liavc  10  be  done  10  carry  the  unit  charge  from  t^  ta 
inliiiity  will  be  equal  to  the  potcnli:il  of  the  point  <?|. 

Suppose  tliat  ihe  path  \i  divided  into  a  number  of  tmall  elements 
QiQ»i  Q(Qj.  &c.,  the  distances  of  the  points  Q,,  Q^  &c.,  from  the  ccniic 
of  the  ^bere  being  d,  d^  •/„  &c.  Then  the  force  acting  on  the  unit 
diarifc  when  at  Q,  is  Q^fCd*,  while  the  force  acting  on  it  when  :t  is  at 
Qi  is  QlKiif*.  [f  iheo  the  points  Q,  and  Q,  arc  vcr>'  near  together  the 
force  at  Q|  and  Q|  will  be  very  nearly  the  same,  and  the  work  done  while 
the  unit  charge  is  carried  along  q,q,  will  be  \'ery  nearly  equal  to  the 
product  of  the  force  at  cither  of  ibcsc  pointi  into  the  distance  between 
the  poiniv  The  aciual  amount  of  tlio  work  will  be  rather  lets  than 
Kould  be  the  case  if  the  force  acting  was  all  along  equal  to  the  value 
it  has  at  Qj,  and  somewhat  greater  ihan  if  the  force  had  ei'crywhere  the 
vahie  that  it  has  ai  Q|.  Thus  we  shall  obtain  a  belter  approximation 
to  the  truth  if  wc  assume  that  the  value  of  the  force  acting,  while  th4 
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dnrgc  i%  moved  from  Q|  to  q^  bu  a  value  inteimodiAte  between  lite 
values  it  hut  Kl  Q,  iui4  <^  Such  an  inirrmcdinic  value  will  be  obtained 
by  Mkine  ibc  n^melr'K'sl  me.in,  Q:h'I^.i^,  o(  the  forcci  at  i},  and  g^ 
Thus  ihc  work  done  while  carrying;  Ihe  charge  Tmn  Qi  lo  (j|  will  be 


or 


la  the  Mine  way,  the  work  dune  while  currying  the  unit  chiir]{e  from  gg 
to  Q.  will  be 

A'Irf,    rfil' 
and  sooa 

Adding  logclhcr  the  nnrk  done  over  all  ihc  dementi  of  tli«  path  we 
dull  obtain  the  whole  work,  that  is,  the  potential,  K,  of  the  point  q,. 
Thus 


-Ll 


Now  it  will  be  »pcn  that  in  llii*  enprewion  the  di»tnnrc  nf  each  of  the 
points  Q„  Q^  &c.,  oniir^  twice,  once  positively  and  once  ne^iivcly, 
M  that  when  we  add  together  all  ilie  ictmf  these  positive  and  ncK'tivc 
values  will  cancel,  and  we  are  left  with  the  6iM  lemi  only,  for  the  value 
of  the  last  term  1,.»  is  *ero.     Thus 

ITenre  the  pnlenliA]  at  a  point  at  a  distance  </  from  a  uniformly  charged 
iphcrc  is  numerically  equal  lo  the  charg:*  on  the  sphere  divided  by  A' 
limes  ihe  distance  of  the  point  from  the  centre  of  the  sphere.  If  the 
BWdinm  surrvunding  the  sphere  ia  air,  the  potential  is  obtained  b)-  putting 

A'=i. 


If  the  point  Q,  is  taken  close  to  the  suibce  of  the  ipherc,  the  work 
whidi  liaa  !o  be  done  to  carry  the  unit  charge  from  Q,  to  infinity  is  the 
measure  of  the  potential  of  the  sphere.  Thus  the  potential  of  a  sphere, 
■4ien  at  a  jfreat  distance  from  all  other  conductort  and  charged  with  Q 
tmiis,  is  Q',f!K,  or,  if  the  nvedium  is  air,  is  ^S.  Now  the  capacity  of  a 
conductor  is  the  ratio  of  (he  cliarge  to  the  potential  lo  whidi  the  con- 
ductor is  nuscd  by  that  charga.  Ihus  the  capacity  of  the  sphere  is 
KR,  or,  if  somnmded  by  air,  is  if,  that  is,  the  capacity  of  a  sphere  in 
air  is  niaiwrically  equal  to  the  radius. 

Mft*.  Capaelty  of  a  Spherieal  CODdeiuer.— The  pn>fatem  of  cal- 
culating the  cajiacily  of  a  syslciii  uf  coDductnn  of  civen  form  is  la 
general  very  difficnh  to  solve  ;  the  case  however  of  a  condenser,  such  as 


L 


670 


Magrulism  and  EUttrmty 


[5*65 


that  showa  to  Fig.  443>  where  the  two  coatings  are  concentric  spheiei. 
can  be  readily  oblained  Let  K  be  the  nulitu  of  the  outside  sphere  whid: 
Vi  connecieil  to  e«rlh,  and  r  the  radiut  of  tlie  iniidc  iphcrc  l^i  the 
charge  m)  t)ic  iotide  vpbere  be  Q,  and  the  diffcrcnre  of  pnieniial  bctwetn 
the  two  spheres  be  V.  Then  Q  linrs  offeree  \*»w  ihc  inside  splieir, 
and,  since  each  of  llic«e  tubes  of  force  tcrtninatcs  on  the  inner  Mii<'ai:e  uf 
■  lie  oultidc  sphere,  there  niusi  be  a  charj^e  of  Q  uni(6,  but  of  opposite 
MRU  10  the  (h^rge  on  the  inside  sphere,  induced  on  the  outside  sphere. 
If  the  chari-e  uii  the  uuiside  sphere  alone  uere  present,  the  potcniia! 
wiihiii  ihii  ^pIIerc  uould  be  cver>'whcrc  conxlnnl,  and  equal  to  the  valot 
it  Iiai  at  the  surface  of  the  sphere,  for,  ns  we  have  shown  in  §  449^ 
the  pnienii.-if  inside  a  charged  conductor  is  cveiywhere  equal  to  the 
potential  at  the  surfooc  of  the  conductor.     Hence,  owing  to  the  char;;e 

on  the  outside  spliere,  tlie  potential  everxwherc  inxide  i«  -  J^  foe  this  is 

the  potential  10  n-hirh  a  cbatKc  -  Q  will  raise  a  sphere  of  tadius  A',  the 
capacity  of  suth  a  sphere  being  nainerically  equal  10  the  nulitis.  If  the 
charge  on  the  inside  sphere  were  alone  present,  the  potcn1i.1l  at  iu 
larfacc  would  1:e  Q\r,  Since  the  potential  at  any  point  due  lo  the 
simu1tancoi:s  artion  of  two  charges  is  the  sum  of  the  pi>tet)tials  which 
carh  ivotild  produce  if  it  acted  alone,  the  |x>tcniiai.  I',  of  the  inside 
spheiT,  when  the  outer  sphere  is  present,  Is  given  by 


V~Q}r-Q!H' 
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But  the  capacity,  C,  of  the  condenser  is  cqu.il  to  Q!V.    Hence 

rR 


C- 


R-r 


If  the  dielectric  separating  the  tvo  spheres,  instead  of  bcin);  air,  hat  it 
specific  inductive  capacity  A',  the  capacity  will  be 

KrR 

If  iho  thickness,  A^-r,  of  the  dielectric  it  small,  the  radii  ^  and  r  will 
be  very  nearly  equal,  w  that,  if  d  is  the  thickness  of  the  dielectric, 

C=-T-.     If -V  is  the  surface  of  the  inside  sphere,  we  have  S'-vr/?,  or 

JP—Sf 4r,     Hence  under  these  ciicumsuncca  the  capacity,  C,  can  be 

wntten  C=  -  -,. 

Although  this  formula  only  siHcily  applies  to  the  case  of  a  spherical 
condenser,  yet  il  holds  nppronnutety  in  the  case  of  the  ordinary-  fomi  of 
Leyden  Jar,  in  which  the  outside  coaling  doe*  not  completely  surround 
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the  inside  coating,  and  it  is  sometimes  of  use  for  calculating  the  approxi- 
mate capacity  of  jara. 

The  expression  for  the  capacity  of  a  spherical  condenser  can  be 

written  in  the  fonn  C=  -_    .„■     If  in  this  expression  we  make  R  infinite, 

we  get  C'^r,  which  corresponds  to  the  case  of  a  sphere  removed  from  all 
other  conductors.  Hence  this  case  may  be  regarded  as  a  condenser  in 
which  the  outer  coating  has  been  removed  to  an  infinite  distance.  This 
corresponds  to  what  was  said  in  §  444,  as  to  the  fact  that  the  lines 
of  force  which  leave  a  charged  body  must  lenninate  on  some  body,  and 
that  where  they  terminate  will  be  found  a  charge  equal  in  magnitude, 
but  opposite  in  sign  to  the  charge  on  the  electrified  body. 


CHAPTER  VI 


Fi'i.  450, 


ELECTROMETERS  AND  ELECTRICAL  MACHINES 

466.  The  Attracted  Disc  Electrometer.— Suppose  that  two  con- 
ducting planes,  AD  and  C'ED  (Fig-.  450),  are  placed  parallel  to  one  another, 
and  at  a  distance  d  apart,  so  smalt  compared  to  their  site  (hat  the  dis- 
turbing effect  of  their  edges  produces  no  cflTecl  at  the  central  portions, 

so  that  the  field  of  force  betweeo 
the  plates  is  in  these  parts 
uniform.  We  require  to  find 
the  attraction  exerted  on  a 
portion,  E,  of  the  one  plane  of 
area  S,  when  the  two  planes 
are  charged  to  a  difference  of 
potential,  V,  the  didcclric  being  air.  Suppose  that  the  surface  density 
of  the  clinrgc  on  .Ml  is  +  a,  ami  that  on  tl)  is  —  tr,  then  ir  tubes  of  force 
will  tcntiinalc  on  each  S(|uare  ccnlimtttc  of  the  plane  CD,  or  at  any  raie 
on  each  square  ccniinittre  of  die  central  pioriion,  E.  Hence,  sinte 
these  lu)>es  are  all  normal  in  ilic  surface  of  K,  and  each  exerts  a 
mechanical  force  //a  (g  460),  the  lota!  attraction  exerted  on  E  by  the 
charyed  plaie  All  is  FSirZ. 

Now  the  cross- see  I  ion  of  cacli  lube  of  force  being  l/w,  the  electrical 
force,  /■',  acting  at  any  piiini  between  the  plates  is  4ircr.  Hence  the 
auraclion,  f,  acting  on  V.  is  givtn  by 

Since  ihe  clecirical  force,  i-\  a<ling  nn  ihe  unit  charge  anywhere 
bi'twcen  the  plates  is  4-rr,  ilic  work  ihat  must  be  done  to  cam-  (he  unit 
charge  from  one  plane  10  [he  oilier  is  i-ail,  and  therefore  I'=4ff»ii 
Hence  «■=  I  "4171/,  rinil  subMilutiug  this  value  for  a  in  the  expression  for 
the  allraclion  exerted  on  K,  we  gel 

Hence  by  measuring  (he  force  exerted  on  a  portion  of  area  S  of  (he 
plate  tn,  when  the  diManic  lx.-lwcen  the  pla'es  is  •/,  and  they  arc 
cliargcl  10  a  dilference  of  pi>ienii;d  ' ',  we  i:an  calculate  the  value  a(  (hit 
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the  inside  coating,  and  it  ia  Kunetimes  of  use  for  calculating  the  approxi- 
mate  capacity  of  Jan. 

The  expression  for  the  capacity  of  a  spherical  condenser  can  be 

wiillen  in  the  foim  C~- rrt     If  in  this  expression  we  make  R  infinite, 

we  get  C— *%  which  corresponds  to  the  case  of  a  sphere  removed  from  all 
other  conductors.  Hence  this  case  may  be  regarded  as  a  condenser  in 
whidi  the  outer  coating  has  been  removed  to  an  infinite  distance.  This 
corresponds  to  what  was  said  in  §  444,  as  to  the  fact  that  the  lines 
of  force  which  leave  a  charged  body  must  terminate  on  some  body,  and 
that  where  they  terminate  will  be  found  a  charge  equal  in  magnitude, 
but  opposite  in  sign  to  ihe  charge  on  tlie  electrified  body. 
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Flu.  4j«. 


riMtroinet«r,  caltcd  the  quadriitit  clectroineivr,  bas  been  invented  bjr 
Lont  Kelvin.  A  urnpU  fomi  of  thit  instrun>cni  it  ahawn  in  Fi^'.  4;!. 
A  lijiht  dumb-bell  shaped  ;iliiniitiiuiii  needle  is  suspended  by  meani  «/  a 
fine  incinllic  wire  fmm  ilic  buide  coating  rf  ft  Lcydcn  jar,  ilie  ouiiide 
nKtlioi;  of  which  i*  connected  vith  earth.  Inuncdinlcly  below  the  needle 
four  qiuidrani-shjiped  metal  pUtea  are  suppoitcd  on  in«ilntinK  rixl^. 
'Hie  allematc  platens  A  and  B  (fig,  451)  and  C  and  D,  are  ronncctcil 
togrtlicr  by  nire*.  The  twi»t  of  the  suspending  "ire  ii  »«  adju«led  thai 
when  all  four  quadrants  aic  coniiccicd  tottciher.  and  arc  therefore  at  ilie 
same  potent  ial,  the  needle  hanjri  Kymmelrically 
willi  refetcncc  to  the  two  pairs  of  quadrant*,  at 
thnwn  in  ibe  fijpire.  If  now  the  iwa  pain  of 
quadrants  are  disconnected,  and  while  one  set 
ate  put  to  earth,  the  other,  lay  A  and  B,  arc  rMi> 
nccted  with  a  body  whidi  bat  a  pniiiiw  charge, 
then  the  powiive  diarge  on  thcic  two  quadrants 
will  act  on  the  positive  charge  of  the  needle,  and 
cause  it  to  lum  in  the  clockwiK  direction  till  tbe 
couple  due  to  tbe  torsion  of  the  suspending;  wire 
juM  balances  the  deflecting  coujile  due  to  the 
action  of  the  chame^  quadrants  on  the  needle. 
If  tbe  potential  to  which  the  needle  is  raised  it  vet)-  f^rcat  compiared 
10  the  difference  of  the  potcnuals  of  the  in-o  sets  of  quadrants,  the 
deflection  of  the  needle  it  proportional  to  the  difference  in  potential 
between  the  quadrants.  Hence  if  the  defection  produced  l)y  a  known 
difference  in  putcniial  is  meamrcd,  Ihc  poieniial  cortcspondinj;  to  any 
other  deflection  can  be  calculated.  The  an^tle  ihroiigh  which  the  needle 
turns  is  ffcncnilly  measured  by  means  of  ihe  motion  of  a  spot  of  li^-lit 
reflected  from  a  small  mirror  attached  to  the  needle  in  the  manner 
explained  in  g  331. 

Since  t)ie  capacity  of  the  quadrants  of  a  quadrant  electrometer  it 
&iriy  smiiU,  connei^linj;  then)  to  a  ehargred  condenser,  of  which  the 
eapacily  is  genemlly  enormously  greater,  docs  not  appreciably  alter  the 
potential  of  such  a  condenser.  If  tire  capacity  of  the  quadrants  Is  of 
the  same  order  as  thai  of  the  body  wliof^e  potential  is  being  measured,  a 
correction  on  account  of  the  quantity  of  electricity  laVen  by  tbe  quadrant* 
must  be  made. 

468,  ETIectricsl  Machines,— We  have  hiiherto  refrained  from  con- 
iideriiig  the  mclhmb  by  which  electrification,  in  j^ealer  qunntilie^  than 
can  be  obtained  by  simply  rubbing  a  body,  such  as  a  slick  of  sealing-wax, 
can  be  produced,  ^Ince  the  explanation  of  the  manner  in  which  the  more 
efticient  machine*  act  involves  a  knowledj,'e  of  the  laws  of  indiiclion.  Tbe 
oldest  form  of  electrical  machine,  a*  ibc  apparatus  for  the  production  nf 
elect rifi cation  is  called,  consisted  of  n  glass  disc  or  cylinder  againsi  which  a 
pad  covered  with  silk  was  pressed.    When  the  cylinder  or  disc  was  rotated. 
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the  friciian  of  thi«  pad  ai^inst  ihe  glass  caused  ihe  glnss  to  Ixcoone 
positii-ciy  clcctrilind.  The  cleclrilir.ilion  nf  the  glass  was  cnllectnl  by 
means  of  a  conductor  to  which  were  attached  a  number  of  points  HrraiiKcd 
»oasJu&t  locraie  (he  surface  of  the  gla,M.  On  account  of  the  induction 
of  Ihe  electriiied  glass  iliese  puiiits  become  electrified,  and  since  the 
electrical  density  at  a  ihurp  point  is  gieat,  (he  negative  induced  charj^e  is 
able  to  ctcape  thraujih  the  air  on  (o  the  glass.  ThiK  neeaiive  electricity 
neiltnOiscs  the  positive  eleririfiratinii  on  ihe  fiXass,  and  leaves  the  con- 
ductor to  which  the  points  are  attached  positively  electrified.  This  fonn 
of  machine  only  works  with  any  decree  of  te^iiUrily  when  the  stirruund- 
tng  air  i»  ijuite  drj',  and  nowadays  the  oidy  forms  of  machine  which 
are  cmplo)-e<l  depend  on  the  induction  produced  in  a  conductor  by  an 
electnfird  body. 

The  simplest  lomi  of  induction  electrical  machine  isthcclecirophnnis. 
Tliit  iiistnimcni  is  shown  in  Fig.  453,  and  consists  of  a  tlisc  of  resin  or 
ebonite,  au,  and  a  metal  plate,  ci>,  which  is  at(ached  to  an  insulating 
handle.  I^  by  means  of  which  it  can  be  raised 
froni  (he  disc  and  carried  about.  Tlic  disc  is 
electrified  by  friction,  and  the  plate  is  placed 
on  the  lop.  Suppose  that  the  material  of  the 
disc  is  such  that  it  hccomcs  positively  eleciri. 
Red  on  friction,  so  that  when  tbuselcctrified  wc 
sliall  hai-c  a  number  of  tubes  of  force  ttrcirh- 
ing  ftom  (be  disc  to  the  walls  of  the  room. 
On  account  of  the  fact  tliai  the  surface  of  iba 
disc  is  ncrcr  <iiiitc  pl.inc,  when  the  plate  is  placed  on  (he  top,  contact 
will  only  take  place  at  a  very  fen-  points.  Tlius  the  pl.ilc  docs  not 
become  appreciably  ricciiitied  by  conduction  from  the  disc,  for,  at  il  is 
«n  insulator,  the  electrifiotion  from  those  parts  which  are  not  in 
itnmediatc  contact  wiih  (he  plate  are  not  able  (o  travel  up  (he  disc. 
Hence  those  tubes  of  force  which,  before  the  plate  was  placed  over  the 
fbsc,  stretched  from  the  upper  surface  of  (he  disc  to  the  walls  of  the  room, 
now  terminate  on  the  lower  turfiice  of  (he  plate,  ubile  fresh  tubes  start 
from  its  upper  snrliKe  itnd  tlreich  away  10  the  Mails.  If  now  the  plate 
it  earthed,  that  is,  is  put  in  conducting  communication  with  the  walls,  tlie 
lobea  which  start  from  the  upper  surface  of  tlie  plate  will  be  able  to 
•hotien  and  vanish :  that  is,  there  will  now  only  l>e  the  tubes  which, 
starling  fmsn  ifae  tipper  turfac<r  of  the  disc,  terminate  on  the  lower  turbce 
of  the  plnie.  If  now  the  plate  is  lifted  up  from  Ihe  disc  by  its  insulaiiii(- 
hamlle.  the  distribution  of  the  lubes  of  force  will  alter  .Some  of  tlic  tubes 
will  slill  stictth  fruni  the  disc  to  the  plaie.  but  as  tlie  plate  gets  fuTll>er  and 
further  from  the  disc  the  number  of  these  tubes  gets  fcsi  and  lejs.  The 
other  lubes  are,  o«  account  nf  the  repulsion  they  esert  on  one  another, 
driren  out  tideways  till  ihey  meet  the  walb,  their  poiiiii-e  ends  still  renuin- 
uig  on  the  disc  and  (hetr  negative  ends  still  remaining  on  (be  plate.  Vihen 


F»C!.*SJ- 


676 


3fagMelism  and  EUetridtjf 


B4« 


a  lub«  RiMis  the  wnll  tl  will  break  in  t»-o,  and  wc  Eball  have  two  Mpanie 
tubes,  ooK  starting  from  the  disc  nnd  ending  on  the  wall,  and  the  oiher 
iiartinK  from  tlie  w:ill  niid  ending  un  ih«  plate.  The  lubes  which  siiil 
■trelcb  from  ihe  din:  lo  the  pUte  corretpund  to  ihit  fraction  t4  the 
charse  of  the  plate  whicli  is  Mill  "buuod"  by  tl>c  tharge  nn  the  diK^ 
while  the  lubes  which  Mietch  from  ibc  plalc  to  the  walk  corrCKpond  to 
the  "free"  duuicc  of  the  pUte.  When  the  plalc  it  in  contact  with  the 
ditc  nnd  has  been  put  to  e^rth  itt  poieniijil  \s  >erp.  As  ti  is  raised  up 
from  tlie  plate, hnvin^  been  iiwulaicd,  its  poientLxi  u ill  gradnull<r  incnue; 
that  is  in  the  cam  we  have  supposed,  «ncc  the  cluir|;e  of  ibe  pUie  It 
negative,  ii*  potential  will  fall  more  and  more  below  tluil  of  the  esirth. 

if,  after  having  been  removed  lo^  distance  from  the  diic,  the  plate  i% 
put  lo  carih,  the  lubci  which  start  on  the  walls  and  icrminatc  on  ih« 
plaic  will  be  able  in  shorten  and  vanish,  and  the  plaic  will  be  di&charj.'ed. 
Now  in  the  series  of  operations  we  have  performed  the  char^-e  on  the 
disc  lias  noi  been  aflccted,  and  hence  the  ]>Iate  may  be  replaced  and  the 
whole  cycle  of  operations  ^ont  through  again,  and  so  on,  si>  that  the 
pble  may  be  cb.it);(.il  any  number  of  times  without  lecbargintc  the  disc. 

It  mx)-  nC  fini  siKht  seem  as  if  in  this  way  we  nere  able  in  produce 
an  indrliiiitc  amniinl  of  eleclricily  without  doinj;  any  work,  and  since  we 
bavc  seen  thai  a  cliai^cd  conductor  poM^wj  cncrj.'y  in  virtue  of  its 
charge,  this  would  be  contrary  to  the  doctrine  of  the  conservation  rS 
encTKy.  Il  must,  however,  1»  remembered  Ihal  when  the  plate  is  in  con- 
tact with  the  disc  its  potential  is  tcro  after  it  has  been  put  in  communica- 
tion with  the  eiiTlh,  and  it  docs  not  then  possess  any  available  charEe. 
ll  n  only  after  the  plate  has  been  removed  from  ihe  vicinity  of  the  induc- 
ing charjje  that  it  jwsiewe^  any  "free"  rhaige.     Now  in  order  to  n>ove 

the  plaie  away  from  the  disc,  work  has  In 
be  dune  against  electrical  attraction  brtwren 
the  inducing  and  the  induced  chatRcs,  or,  lu 
other  words,  work  lias  to  lie  done  lo  strrlch 
oitl  the  tubes  of  fiircc.  and  il  is  ihis  work 
wliiclt  is  the  equivalent  of  the  eneig>'  of  the 
clcciricnl  rharRc  on  the  platen  We  arc 
thcirtore  here  directly  convening  the  mc- 
clianical  work  done  by  our  muscles  when 
ire  raise  ihe  plate  into  dcclricnl  energy. 

In  the  elecirophtiius  a  number  of  sepa- 
rate operations  have  tobcjfoneihmughcacli 
time  the  plai«  is  charjjed,  and  it  naturally 
occurs  lo  one  to  try  and  invent  an  ariange- 
ment  by  means  of  which  these  opetaiions 
are  perfonned  aiitninaiically.  The  Minplesi  of  these  is  that  due  to  Locd 
Kelvin,  which  it  known  as  Thomson's  Mouse  Mill.  It  consists  of  luv 
ineu!  pUlci,  A  and   u  {Y\g.   454),  bent  sn   as   to   form  portions  of  a 
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cylindrical  surface^  ibeM  plaiM  being  carried  on  insulating  mpporia. 
Two  Miiall  nicultic  biusliei,  v  and  c,  are  aitiichtd  tn  tlie  inside  of  a 
ami  B.  Ti-o  oiiicr  tnct;illic  pliics,  c  antl  D,  are  cnrricil  by  an  insul.-iting 
arm,  ¥,  whlcJi  it  fnvolcd  so  that  il  can  turn  abmit  an  axit  perpendicular 
to  the  plane  of  ihe  figtir«.  I.nft1y.  titcrc  arc  two  other  mcial  brathes, 
H  and  K,  which  An  in  metallic  coiiiiection  u  iiti  one  anniher  by  the  wire  t. 
The  brashes  are  so  ananged  ibat  as  K  rotates,  the  plates  c  and  \>  make 
contact  will)  them. 

iiappooc  that  l>y  means  of  an  electrified  rod  the  plale  A  is  given  an 
initial  small  positive  charge,  while  the  plate  B  is  given  a  small  negative 
charge,  and  that  the  movable  ami  ii^  in  the  position  sbonn  in  the  figure^ 
Ovring  to  the  indiicti^'c  ac:iion  of  the  charged  bodies  A  and  B,  the  plates 
C  aod  IJ  become  electrified,  one  positively  and  the  other  negatii-cly,  for 
|]tey  IbiTU  a  single  conductor  on  account  of  the  connecting  wire  1,  Tlius 
we  have  lubet  of  force  siartini;  fcuin  i>  and  ending  on  a.  If  ilie  ami  e 
is  now  fotate<l  in  the  direction  of  the  arrows,  the  lir^t  thing  ihat  happens 
is  tliat.as  tiand  c  move  round,  the  connection  between  them  ilimut;h  the 
bruilia  H  and  K  and  the  vire  l.  is  broken,  while  the  tubes  of  force  arc 
drawn  out.  The  drawn-out  iiibc^  of  force  nili,  on  account  of  their  mutual 
republon,  spread  out,  and  to  mcnt  of  them  nill  come  in  rontai'i  wiih  iltc 
metal  plate  a.  Each  tube,  when  it  touches  A,  will  divide  into  two  parts, 
one  pari  stretching  firom  p  to  A,  and  the  other  from  A  to  R.  or  even  by 
furtber  siibdivition  from  A  to  the  wall*.  As  on  this  account  as  many  new 
lubes  will  enter  A  as  leave  it,  the  charge  on  a  will  be  unaltered.  WTwn 
D  touclies  the  brush  v  it  becomes  virtually  a  pari  of  Ihe  ronducior  A,  and 
thus  the  tubes  which  stretch  from  11  to  A  contract  to  nothing  ;  tliat  is, 
the  tubes  which  tenniiiated  on  A  ranitb,  and  so  on  account  of  ihe  new 
paiiiire  tubes,  which  Yrere  added  to  a  when  the  tubes  sttelching  fmm  D 
to  n  spJit  up.  the  charge  on  a  is  increased.  In  the  same  nay  the  negative 
charg*  on  C  is  tmnsftirrcd  to  n.  As  the  rotation  is  continued,  the  plate 
D  cemeg  into  the  position  in  which  the  plate  C  it  shown  in  the  figure, 
and  the  whole  process  is  repealed.  Thus  by  the  continuous  rotation  of 
Ihe  arm  i;  carrying  the  two  plates  tlie  charges  00  the  conducton  A  and  II 
are  increased,  the  one  being  cImi^^  positively  and  the  oihct  negatively. 

Although  we  hai-e  suppoMd  an  initial  charge  to  be  given  to  A  and 
Vt,  ibe  infinilcnmal  charge  which  is  induced  by  the  friction  of  the 
movable  plates  on  the  brushes  is  generally  suflkicni  to  start  the  macbtne, 
this  small  charge  being  then  incteaied  ih  ili«  manner  described.  If  the 
roonbk  ann  is  rotated  in  ihc  uppotiie  direction  the  charges  on  A  and  B 
arc  decreased,  so  that  the  amngefnenl  is  tised  in  some  imiruments  for 
adjusting  the  charge  to  a  given  value,  fax,  by  turning  the  mill  in  one 
direction  or  the  other,  ilw  charge  on  a  body  connected  to  A  or  n  can  be 
incnaseid  or  decreased  at  will. 

The  Hohs  decuical  machine  consists  of  two  glass  discs,  a  and  a 
(Fig.  4$}),  one  of  which.  A,  is  fixed,  while  the  other,  B,  can  be  rotated  by 
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meiuii  nf  ft  handle.    TIte  faxA  pliilc  is  pierced  by  twn  npcriiirct  or 
«ind«>ws  I'f't  Bhich  arc  at  opposite  eiuls  of  ihc  ^ume  diamcicr.    0* 

the  bee  or  the  pJaie  A,  aiiil 
on  the  surface  turned  away 
fram  Ibe  movable  pUle.  t«« 
pieces  of  liufoil,  cc",  are 
fixed.  Each  of  these  pimi 
or  fml  has  a  lonf(t>c  wbidi 
project*  through  ihc  windi™ 
in  the  plaie  A.  Opposite 
ihcse  pieces  of  tinfoil,  and 
on  the  uppostic  side  of  ibe 
movable  plate  b.  are  placed 
two  nietal  combs.  Dl/,  irliirh 
are  supported  on  Intiilaiinj: 
stands.  Tlic  machine  if 
started  bjr  charginj;  one  of 
the  pieces  of  foil,  aay  C,  itith 
poNiivc  electricity,  and  ro- 
tating the  glass  plate  in  the 
direciioQ  of  the  arrows  The 
•  B  elcciricity  on  c  ads  indt»c- 
A  lively  on  the  comb  i>.  and  a» 
a  cnnwqiiencc  a  nC(;aii<« 
change  becoraca  spread  oTCf 
thesurfaceof  tbeglassas  it  is 
rotated.  When  this  nei;atit« 
elect  rification  reaches  »',  it 
ttti  indDCtively  on  tlie  tongue  attached  to  the  piece  of  linfoil  c',  and 
attracts  on  equal  quantity  of  positive  electticiiy  la  the  lace  of  the  movable 
plate  next  to  A.  Since  the  tliickness  of  the  plate  ii  is  snmll,  the  pnslii^'c 
cliargc  derived  from  c"  and  the  negative  ch.irge  derived  fr«m  ii,  alihouKb 
they  arc  on  opposite  sides  i>f  the  plate,  arc  so  near  thai  they  pruciioll^ 
netilralise  each  other's  effects  on  any  external  point  Owing  to  the  in- 
duction and  li>  the  loss  of  positive  clectriciiy  from  the  tongue,  the  tinfoil 
C*  becomes  negativity  electrifieil,  and  this  iiciing  inductively,  the  comb  ti 
produces  on  the  rotating  glass  plate  a  positive  charge  over  the  upper 
portion,  which  in  its  turn  acts  inductively  on  the  tongue  of  C,  and  draws 
offa  negative  cliatj-e  which  neutralises  the  action  of  its  own  chaisw  and 
increases  the  positive  charge  of  C.  Thus  as  the  plaie  rotates  the  charges 
on  c  and  c"  are  increased,  and  these  charges  acting  on  the  comhs  charge 
ibem,  one  positively  and  Ilie  other  nepitively.  so  that  a  body  connected 
lo  one  or  the  other  may  he  ch.nrgcd  either  positively  or  negatively,  or  a 
spark  may  be  produced  between  the  two  knobs  attached  to  the  comba> 
In  order  to  increase  the  quantity  of  clectriciiy  which  passes  at  o«dl 
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tpitrk,  the  inside  cuHtii^,-s  of  two  small  Lc>-ilcn  jars  nie  connected  10  (he 
CDinh*.  the  ouifi<le  coaling's  hcin>;  connected  lnt;cllicr.  The  result  U 
ihnt  ihcs«  jar»  become  charKcd,  one  posiiit-cly  and  the  other  ncKi»>vely, 
and  when  a  sp»rk  passes  between  th«  knolis  noi  only  tlic  combi  but 
also  till-  jars  connecicd  vriih  ihcin  are  dinchan^cd,  and  since  ilic  tapaciiy 
uf  the  j-an  IS  much  greater  Ihan  that  of  the  comhi,  the  i[uuntiiy  of  dec- 
Incily  tlmt  p.-iuei,  and  hence  also  Ihc  bri>,'hiiicu  of  the  ipark,  is  in  ihis 
way  niuch  incrc^iKcd.  It  must  be  nolic«d  thai  ihc  nddilion  of  the  jani 
doe*  not  pindiicc  any  effect  eilhcr  on  the  quantity  of  cleciririty  pniduccil 
by  the  machine  for  any  speed  of  roiaiion,  or  on  the  maximum  difference 
of  poicniid  bvtiteen  ihe  two  combi  vhidi  t)i«  machine  can  produce  ;  the 
only  tftctt  is  to  siorc  the  electridiy  up  till  the  porcniial  \\wi  to  ihy 
sparking  amount  and  to  then  !ci  it  diicliargc  Thus  ihe  sparks  ate 
lets  fre<|ueni  than  ihey  would  be  without  the  jan,  but  when  tbey  do 
occur  ll>cy  are  more  intense, 

II  ihe  combs  of  one  machine  arc  connected  10  tlio  combs  of  a  similar 
machine,  and  the  first  machine  i^  then  set  in  motion,  the  other  mjichlne 
will  btrgin  to  turn,  but  in  the  op{Kisile  direction  to  that  in  which  it  in 
tutticU  when  ii  i»  functioning  as  a  generator  of  electricity.  In  the  first 
machine  mechaniral  work  is  done  in  lurnint;  the  liandle,  and  this  is 
oonverletl  into  electiical  energy,  the  electrical  energy  being  tmntmiitrd 
to  the  Mcoiul  timchiiie,  where  it  is  in  part,  at  any  raic^  reconvctted  into 
tnechanlcnl  energy. 

Another  form  of  machine  by  which  one  body  can  be  charged  to  n 
gruiter  potrnii.il  than  that  of  another  body,  although  the  elect rificalion 
n  obtained  by  ioduciion  fiom  this  latter,  is  the  so-called  n-atet-droppcr. 
This  consists  of  an  insulated  metallic  cylinder  11  (I'ig.  456),  down  llie 
axil  of  which  water  falls  in  drops  horn  an  uninsulated 
pipe,  A.  Below  this  cylinder  is  placed  a  second  metal 
cylinder,  C,  which  is  Biied  with  a  ftinncl  of  the  shape 
shown  in  the  figure.  Some  of  the  lubes  04  force  which 
leate  the  charge<l  cylinder  b  uiil  tctminmc  on  the 
supply  pipe,  and  of  these  a  few  will  iciminate  on  a 
drop  of  water  juit  as  it  is  leaving  the  pipe.  As  the 
drop  falls  it  will  cany  one  end  of  the  tube  down  wiih 
it  into  the  cylinder  c,  thus  increasing  the  number  of 
lubes  which  terminate  on  C;  that  is,  incieaiinj;  it* 
negative  chari^e.  When  the  drop  strikes  c  it  fonns 
pari  oi'ihbconductor,  and  the  end  of  iIk  I ut)es  brought 
down  by  tlte  drop  will  immcdiate'y  trat-el  ot^cr  the 
surface  of  c  to  the  outside,  for  C  >i  i«ry  nearly  a  closed 
conductor.  Thus  wbcn  the  drop  leaves  the  funnel  tn 
c  iM>  tubes  of  force  terminate  00  it ;  thai  is,  it  is 
imclurged.  In  thh  way  the  charge  of  c  is  continually  tucrra^ed  till  iht 
leakage  over  the  insolaiing  support  of  c  is  e<(ual  to  ihc  rate  of  suppljr. 
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or  till  th«  c<|-1in<ter  ii  so  iiroii^-l)'  cl^ctiificd  that  itie  lallinf;  dm^  are  %a 
slronKly  rciM-llnd  that  ibcy  iw>  tociRer  ii!A  tnio  tl>c  fimncL  By  tutviii];  too 
uf  ll>cso  amutircmentt,  the  lower  cylinder  of  the  one  bcint;  raniwcKd 
witli  the  upper  cyliiktcr  of  the  other,  mid  wiV*  \vria,  the  two  will  rract 
one  on  the  oth«r  so  thai  tbc  original  durRC  on  the  upper  cylinden  Bill 
lie  incieaitcd,  &nd  hmcs  sbo  tbc  charge  {Kroduced  b>'  uMluclion  oa  cadi 
drop  of  w«ter. 

The  energy  necevury  to  produce  the  dectriiicatian  in  this  oppnmui 
U  derived  from  tbc  energy  of  the  fnliin{[  water.  Owing  to  the  repulsion 
between  the  chnr|[cd  cylinder  c  and  each  drop  wliich  cnrrics  n  chirii-c  of 
the  tame  Ktgn  a*  that  on  the  cylinder,  the  resultant  force  acting  on  the 
drop  and  tending  to  moi-c  it  downwards  i»  leu  ihnn  the  weight  of  the 
drop.  Hence  the  velocity  nctitiired  by  the  dmp  in  falHn^  is  ttss  than  it 
would  l>e  if  i)ie  electrical  foroet  were  absent,  mi  that  the  kinetic  enerj^' 
of  llie  drop,  nhen  it  b'.rikes  the  funnel,  ii  leu  than  it  othcruiite  would  be. 
aad  the  energy  of  tlie  charge  which  it  Imparts  to  C  i^  the  equivalent  (if 
tliis  decrease  in  its  kinetic  energy.  If  we  !nippo»e  that  the  charge  on 
each  drop  ai  it  leave*  the  Kupply  pipe  ii  the  iiiine,  the  upuard  for^e 
exerted  upon  it  by  the  charge  on  c  will  increaM-  as  the  chnrge  on  (' 
incrra«-s  so  that  the  loss  of  kinetic  energy  which  a  drop  experiences  will 
incrcaw  as  the  charge  on  c  increaics.  This  is  equivalent  to  an  Incnax 
in  the  electrical  energy  supplied  to  C  Ijy  the  drop* 

As  the  charge  on  c  increases  its  potcniinl  wilt  increase  in  the  sanw 
proportion,  and  hence  the  woik  that  must  he  done  to  bring  a  given  chat^-e 
from  n  place  where  the  potential  ii  tora  to  the  neighbourhood  of  c  oitl 
increase  propwiionaTly  to  the  increase  in  the  charge.  Now  the  poirniial 
of  the  end  of  the  pipe  which  is  connected  with  earth  is  leio,  na  thai  each 
drop  when  it  starts  to  &i!l  is  at  a  place  where  the  |>nter)linl  is  ten),  and  w« 
thus  see  how  the  incrraw  in  the  lowof  Vmcliccneixy  of  cachdropas  the 
potential  of  C  increases  is  accounted  for.  Tliis  cuamplc  it  of  interest  on 
account  of  the  very  clear  tnanncr  in  which  the  advantage  of  the  method 
wt  have  adopted  for  the  niensure  of  a  difTeicacQ  of  jiotcniial  is  brought 
out,  a  metliod  which  may  at  first  appear  rather  artificial. 
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THE  ELECTRIC  CURREST 

469.  The  Electric Current—lfwc have  twocondudois at  dit)«rciit 
pMVnIJals  "id  p"<  tltctn  in  condacling  cutninunicjiliun  b]r  Ri«an«  of  a 
wirr,  ihrrc  uill  he  a  rtdhtributioo  of  ilie  eleciriciil  Llinq-i-i  on  [lie  con- 
dncton,  potitit's  tltttricily  leaving  the  coniiucior  at  tlie  Iii((her  potential 
and  iacreaun);  on  iIm  other.  Wc  hav«  aUo  itcen  that  heat  is  dd-clopcd 
in  Ibe  wire,  by  ineani  of  which  the  cnndiiciort  arr  put  into  coituiiunicjiiion, 
uul  we  shall  sec  that  durinj;  the  lime  that  electricity  is  pasi^inK  finm  oi»c 

teondiicior  10  the  other  this  conductor  is  theicul  of  many  oLhcr  phenomena 

iwhk'h  only  Ltht  while  this  Iraiisfprcnce  of  dcctricity  is  );iiing  on.     If  by 
ny  mcani  we  were  able  to  keep  up  the  difference  of  potential  betwt«n 

^be  two  cooductort,  although  ihcy  arc  connected  by  tbc  wire,  then  this 
inference  of  elcnriciiy  vould  continue,  and  the  wire  would  cwitinuc 

'  to  bo  th«  seal  of  a  development  of  heat,  &c.  Under  tlieso  circumBlancei 
the  wire  is  Mid  to  1>«  iraver9«d  by  aa  electric  curreiiu  Tlio  current  b 
ammted  to  How  in  t!ie  direction  from  the  boily  at  the  hi^'lwr  potential, 
thro«^[h  the  wire^  to  iliv  body  at  the  lower  potential.  Tlie  word  cuneni 
iras  originally  used  irhcn  electricity  n-.-is  rc-Rnidcd  as  a  fluid  which  ilon'cd 
from  the  conductor  at  the  higher  potential  through  the  wiir.jutt  as  a 
fluid  flown  from  a  place  at  a  higher  level  through  a  jHpc  to  a  place  at  a 
lowvr  levcL  As  far  as  wc  arc  able  lo  letl,  however,  the  only  thing  that  doc« 
paw  ncDCTgy,  this  energy  beinviii  ibe  form  we  call  electricity,  but  of  the 
nanire  of  which  we  are  entirely  ijjnorani ;  and  lo  far  frjini  tlie  energy  being 
tranunitlcd  by  the  nire  through  which  ihccurirnl  is  flowing,  tlie  accepted 
belief  nowadayn  ii  that  the  energy  it  rrnlly  tianimittcil  by  the  inititatii)fr 
dielectrir  whirh  suimundu  the  witV',  and  that  the  Ainrtion  of  the  wire  » 
to  direct  ibe  flow  of  energy.  Keeping  thit  warning  in  mii>d,  it  will  be 
prrmiuihle  to  tpcnk  of  a  current  of  clcciririiy  flowing  ihrotigh  a  wire 
and  to  refer  tf>  the  phenomena  in  th«  space  surrounding  the  wire  at  due 
10  this  current,  although  we  no  longer  by  these  terms  mean  to  imply  any 
a«q)positionasloelectrkity  being  of  the  luittireofa  fluid,  of  as  to  the  wiiv 
boiif  the  path  aloi>g  which  llic  enetKy  Huns. 

The  magnitude  of  the  current  flowiug  in  n  wire  an  be  metuurcd  by  the 
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quamity  of  dectiieily  which  pastes  throu|[b  tke  wire  in  unit  lunc  Tliu* 
Mpposcllut  amnduclorUronnccled  tocaithb^rmcansof  n  fine  wire,  Uid 
llui  ill  order  10  keep  it  a(  a  (xmsiant  potential,  P,  hiKhcr  ih^n  ihc  twib, 
we.tniul  suppi)-  it  with  Q  units  of  positive  ckrtririi)-  per  strcviKl,  tlien  tW 
wbe  ccmnccting  the  coixluaor  with  earth  will  be  iravereed  b>-  a  curreol 
in  ilie  direction  from  the  body  to  Ihc  cartli,  and  tli«  in.ignitudc  <rf  thi» 
current,  Ai  mCMUred  in  the  units  we  lure  adoplcd  above,  t«  Q.  If  ibe 
quaniiiy  Q  it  cOBsUnt,  llic  wi(«  ii  said  to  be  tnivened  by  a  consiam 
cnrrent. 

470.  ElsotromoUTS  FOTM.— The  cause  of  the  dcctiic  cumat  in 
tlie  wiic  in  the  ci.impic  in  ili«  above  section  is  ihc  fad  lint  tli«  tuu  enA% 
of  the  wire  are  at  different  potentials,  and  in  siich  a  ca&e,  where  the 
effett  of  tlie  diflfcrence  of  potential  is  10  produce  an  electric  turrew,  ihxl 
is,  In  move  poijtive  elect riticat ion  ftotn  one  place  to  aDother,  it  i»  Kcnetallj 
spoken  of  as  an  eleciromotive  force.  Thus  what  we  bat«  hilhcrio  tpnlicn 
of  as  ihedllTrreiicxin  potential  between  two  bodies  «i!loflen,  when  wcnre 
dealing  wiih  elect ro-kincmn lies,  be  called  an  electromotive  force  between 
the  two  bodies.  It  miut,  however,  be  lemeinljcitd  that  cloctronM>tn-e 
force  and  difference  of  poteniial  arc  two  diflcrcni  names  for  one  and  the 
same  thinR,  and  the  restriction  of  Ihc  one  term  more  or  less  rigomasly  to 
eleciro-tUtic*  and  of  (be  otltec  10  elect to-kincmaiics  is  simply  a  maticr 
of  uaage. 

In  the  example  ^'iven  above  of  the  wire  conncctint;  a  body  which  was 
kept  at  a  puicniial  t'lo  catili  (the  poientta!  of  the  car.Ii  being  taken  to 
be  reroi,  the  electromotive  force  acting  on  the  wire  and  to  which  the 
current  is  doc,  is  V. 

The  electromotive  force  in  this  example  ml^ht  b«  produced  )>>' con- 
ncctinK  the  hndy  with  one  of  the  terminals  of  an  denrical  iharhinc,  such 
as  ate  <leM:cibcd  in  %  468.  and  under  these  circumsiancr-s  the  electrical 
machine  can  be  tegurded  as  a  source  of  clccimmuiite  force.  The  detailed 
study  of  tlie  other  soutoes  of  elect  ton  1  olive  force  can  Ire  undertaken  with 
more  profit  at  a  laier  stage,  so  that  fur  the  jirescnt  it  n  ill  be  sulKcicnt  to 
suppose  thai  what  is  called  an  electric  battery  or  voltaic  cell  is  employed. 
One  of  the  simplest  of  such  cclU  is  that  due  10  nnnicll,  and  consists  of  a 
plate  of  copper  immersed  in  a  solution  of  copper  tulpliate,  and  a  plate  of 
tine  immersed  in  a  soltiiion  of  tine  sulphate  or  in  dilute  tiulplmric  acid, 
the  two  solutions  being  separated  fnini  one  another  by  u  panition  of 
porouii  earthenware.  When  the  copper  plate  is  connected  with  the  zinc 
plate  by  means  of  a  conducting  wire,  this  wire  will  be  traversed  by  a 
current.  If  the  copper  and  line  plates  are  connected  with  the  cpposiift 
<luadrantsofaquadrant  e!c<-immeicr  (be  needle  will  be  deflected,  »ltowini 
iImI  the  copper  is  at  the  hijiher  potential. 

The  consideration  of  ihc  manner  in  which  the  electromotive  fomj 
in  this  cell  is  developed  is  entirely  postponed,  but  it  may  be  of  use  to  say 
that  the  energy  necessary  for  the  maintenance  of  the  electric  current  in 
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the  wire  connecting  the  copper  to  ihc  linc  is  due  to  the  dicmical  chnngci 
which  Ko  no  in  the  c«II  when  n  curicni  is  p&s«in|;,  for  the  linc  is  dissolved 
fonniiig  line  sulplmic,  while  the  cupper  aulphnte  solution  n  dccnm posed, 
(be  copper  being  dcpi»iicil,  ^^'e  huve  seen  in  %  ti%  th.it  in  vvjy 
chemiciit  ruictiun  ihiTc  n  a  dcliniie  quatiiiiy  of  hcac  absorbed  or  evolt'ed, 
and  in  this  c-i»c  more  heat  would  be  evolved  in  the  conversion  of  a  given 
quaniiiy  of  zinc  into  zinc  tiilphalc  lh;tn  is  Ahi^orbed  by  the  splillint;  up  of 
the  ijiunthy  of  copper  sulphate  soKition  which  occurs  in  the  lamc  lime, 
and  it  i&  from  tliii  surplui  CDer);y  ibnl  the  energy  necessary  for  the 
mainienancc  of  the  electric  current  \i  dcriveti. 

471.  Oersted's  ExperlmeDt.— Hitherto  n-e  have  nut  had  to  deal 
witli  any  phenouienon  coonettinK  magnetism  and  electricity,  although 
some  of  the  points  in  which  the  two  cIasscs  of  phenomena  rescmbie  one 
another  may  have  sujcKciicd  that  some  connection  mutt  exist.  The 
honour  of  lieing  the  tiisl  to  discover  any  connection  lieiwecn  electricity 
and  tnagneitun  belongs  lo  Oerated.  who  luund  thai  a  conductor  in 
which  ft  current  is  (lowing  exerti  an  Action  on  a  ncixhboucin);  magnetic 
needles  If  a  wire  is  itrvtched  Iioriivnially  in  the  magnetic  meridian, 
so  as  to  be  \-crticaily  o\xr  a  pivoted  magnetic  needle,  then  Oented 
ftntnd  that  the  needle  is  deflecled  if  a  current  J*  passed  tbrniigh  the  wire, 
and  tends  to  set  itietf  at  iit;ht  ant;les  lo  the  wire.  On  icvcr^inK  the 
direction  in  which  llie  current  is  flowing  in  the  wire,  the  direction  in 
which  the  north  pok  of  the  needle  is  dellcctcd  is  also  rcvemed.  Tbg 
direction  of  the  <leAci:tion  is  also  reversed  if,  instead  of  being  placed 
over  the  needle,  the  wire  it  placed  below  the  needle. 

A  nombcr  of  rule*  have  bocu  given  to  remember  the  direction  in 
which  the  needle  i»  deflected  by  a  conductor  carr>-ing  a  current  in  a 
given  direction,  the  t«'a  most  commonly  employed  being  ihe  following  : 

1.  Imagine  your&elf  swiitunlng  in  the  wire  in  the  direciion  in  which 
the  current  is  flowing,  and  lacing  the  magnetic  needle  ;  then  the  north 
pole  win  be  deflected  towards  your  left  hand,  the  south  pole  being  dellecicd 
in  the  opposite  direction  (.'Xnipire'i  rule). 

2.  Place  your  right  han<l  alongiidi-  ilie  wire,  with  the  fingers  pointing 
in  the  direction  in  which  the  curicnt  is  Ihiwing,  and  the  thumb  tineiched 
oat,  so  that  the  palm  of  the  hand  is  turned  towards  ilic  magnet,  then  tlic 
north  poic  will  be  deflected  lowaid^lhediiclion  in  u  hit  h  the  thumb  poiots. 

472.  UiMS  of  Force  of  u  Conductor  conveying'  a  Cuircnt.— If 
%  wire  through  which  a  fairly  strong  currcni  is  passed  is  held  in  a 
venical  poeiiion,  so  that  it  passes  through  a  hole  in  a  horiionial  plate 
of  glass,  and  iron  filings  ar«  scattered  over  the  glass,  on  tapping  the 
glass  the  filings  will  set  ihemselres  in  curves  wbidi,  as  in  the  case  ol 
(he  6ehIof  a  magnet,  indicate  the  direction  of  thenugnetk  lines  of  force 
A  »erie«  of  curves  obtained  in  this  way  are  shown  in  t'ig.  4;7,  and  il 
wiJl  be  seen  that  the  lines  of  force  consist  of  a  seiies  of  circle*,  the  aaia 
ibe  wire  being  at  the  centre  of  each. 
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J       drT:~i:n.     If  »e  marfrrr  t^;  x  s:<"«j_^:»  a 
■*      iiaiTsi  a  ■±11  piacs  it  3e  V:«  ■'»»<- t;  '~r  "^ 


'.-'*-'.  '  'f.  ■■■t  ^>rr'.'.i'c  :^  •''-•'.\  Tbe  '^T rfjonie <rf dae  cajrts;  rat 
-  ■■<■.  -  -».-■  ■.-.  -,f  v.i»  'iK-rj;  Ti^rr^j.^ arjti  :ae  sesse  Ea  wcki  ie 
.  ■'  .  -/  f-.-,^  ',r_  *:•  r^.t-ti  •.-i  t.ix  aiwcher  is  lie  n=K  war  ax  ireibe 
':■<-■  -,r.  '-•  rr.'  -„-.  '.f  i-.  or-lr-ir?  rii;-iaMe<i  nxkKrcv.  or  MberkiEd 
'/  -J  ■•:>•,  ■'••:  v-.^  v:-.vi ;-.  tr,.:h -.*.  :i  rm«d.  I:  i«  of  fT«t:  imporaon: 
(',:  f'..  ', •/  .-./  ■  ■';  f-.r-^i  ir.  rZ-i"  ->K-»e«-.  a  cwwiainor  coBTcyiag  s  cmmit 
...-.-;  ::.a.;:,':*i  ',r  i- v.-  'r  '_.r.':  j-:or  ahii  is  also  oooiTcyia^  a  currml. 
■'.  .'  ^^:.  ■-,  -y:  a-,  -  a*  r,-'t  !',  :•'.!  :-  »;hi:h  d:re<:;ion  the  lines  of  forct  in 
■;.'  ;.■  1   .".'.  .r :.■//.  '.{  ir.':  •.'.r.'i.:'::'jn  are  rir.r.ln^'. 

Jf,  t.  .•':,■'.  if.  ':i':.r.-^  '.Ti  i;.%  ;>.»  ■:'.sd-jcirjr  is  bent  into  the  form  of 
;i  '  I- .f_  •;,!;  ',  -.I:-.,  i.{  {■,:■_':  a'l  :;.r'-ad  :h.-oi;]?h  the  space  enclosed  by 
<]••■  ".(.'!■;■■;?,;;  X.'fi','.  ar.'i  '.h?  ;;^r.eral  form  of  the  lines  is  shown 
IN  I   ;■   4'./ 

47:}.  .Strentfth  of  the  Ha^etlc  Field  due  to  ft  CurreDt.— Since 
■  )><■  '.]:!•  p.  ii>  ■)''  n' i^l^li'iurh'Ki'!  '>f  a.  conducMr  in  vihich  a  cuirenl  is 
II'. Air.;:  1-.,  'iwiii;;  ■'!  !li';  '  riiri:iil,  ri  m:i„'netic  fitid,  and  (hat  the  strength 
<rl  iM.  iii;i;-ii'iji:  (I'l'l  '.:in  \f:  rrn::i'.urtd  by  the  methods  ^ven  in  the 
\iti  •  • '\\iiy,  \ny,'-\,  H'':  rii;i}'  l;iki;  the  strtn(;ih  of  ihc  field  at  a  t;ivcn 
ill  .1.111'  I-  fi'>iii  tlic  I  iiii'lii'  t'lr,  H'l]i'  li  h:is  a  [,'ivcn  shape,  as  a  measure  t)f 
llir  -.ij'ii);ili  'if  ilic  1  iirr'rnl  tlimin;;  in  tlie  wire.  A  system  of  electrical 
mull  li.r.  ['■■'■II  di-iivi-d  ill  iliis  way,  llic  Mariiu^'-point  being  the  strength 
III  tlir  iii;ij;iii'li<  ((•■lit  (I'll-  10  ii  rnniiiiclrir  conveyinj;  the  current.  The 
I  I'li'liii  I'll  11  hii|i[ii>si-(l  III  lie  111  ilic  form  iif  an  arc  of  a  circle  of  which  the 
1. Ill  nil  \;  iiiir  I  riiiiiiii-lic,  I  In;  lti)i:lli  of  the  ;irc  IwinK  also  one  centimetre. 
'I  lirii  iiiiir  iini'-iii  i-.  MIC  h  lli;ii  ilic  maj;n<^iic  lii'ld  pri«iuced  at  the  cemte  of 
llii'  I  III  Ir,  III  uliic  li  ilii'  iixiiUirliir  is  an  ;irc,  is  unity.  Hence,  since  the 
mill  iniitiiii  Ik  lii'lil  ii  sill  li  lh:il  \\\v.  unit  north  j)olc  is  acted  upon  by  a 
fiHH'  »l  i(  ilviir,  tlir  iinil  iiirrc^iit  niriy  l)c  defined  in  this  system  as  such 
lli.il  il   ll>iniii|;  in  ilii?  all'  uf  a  cinlc  of  which  llic  radius  is  one  centi- 
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melre,  the  length  of  ihe  »k  aXta  being  aae  ccntimcitc,  ihcR  the  force 
exrncA  on  a  unit  pole  placed  M  the  centre  of  the  drcle  will  be 
a  dyne. 

Wc  thus  sec  ihai  i>'e  tii^vc  two  wayi  of  <l«lining  t)te  stren^ili  of  an 
electric  curreni,  one  of  tlwm  depending  on  ilw  liefinition  of  the  strengtb 
of  an  eleclrk  chaige,  that  t»,  un  the  force  exerted  on  one  another  liy  two 
charged  Indiei,  and  the  other  on  ihc  force  wbich  a  ronductor  canyiog 
n  current  exettii  on  a  magnciic  pole.  The  tnaRnitiide  of  this  tjittet 
■Jependi  on  the  definition  of  ilie  unit  pole,  whkh  is  derived  from  ilie 
force  with  whifh  two  magnetic  polcsact  on  one  anollier.  The  first  of  ihese 
systems  nainel)',  that  depending  on  the  fofce  exerted  betuf<:n  charged 
bodies,  is  railed  the  dec trt;)- static  hvstcm  of  elcciiical  iiniisind  tlie  other 
is  called  the  elcciro-magneiic  bystcni.  On  cilher  sy^cm  a  ciHiuMent 
Mties  of  eleciiioil  and  magnetic  units  can  be  bulii  ii}>,  and  in  a  Utet 
chapter  we  shall  return  lo  ll>e  relaliwi  which  tliewr  tu-o  lystcmfi  bear 
lo  one  another,  but  for  the  pirscnt  we  thall  make  ui«  of  the  electro- 
maj^Ttetic  system,  not  only  on  acronni  of  its  Kcealer  adapubi'ity  to  the 
Hihjects  with  which  we  shall  tie  dealing,  but  also  unce  it  is  this  sysieiii 
that  is  excltisivcly  tiseil  in  piaciice. 

Tlie  unit  cutreni,  defined  !ibav«,  is  found  to  be  too  latge  for  practical 
parpotcs,  and  hence  the  unit  ordinarily  cnipioycd  is  a  tenth  of  the  above 
unit.  Thit  practical  unit  U  called  the  ampert,  while  the  theoretical  unit 
of  which  it  is  a  tenth  pan,  and  which  lielongs  to  the  ceniintctrc-g ram- 
second  system  of  absolute  tinits,  is  cal!c*i  the  i.gj-  unit  of  ciirieni- 

474.  Units  of  QaantUr  and  of  Electromotive  Foreti  on  the 
Electro- Riagnetio  System.— In  the  clecttDinagneiic  syitcni  of  units 
llie  unit  qiianlity  of  elect  rid  ly  n  the  quantity  of  elecltidty  which  crooscs 
ii  given  section  of  a  wire  in  whirh  the  unit  current  ii  flnwing  during  a 
second.  If  the  currant  is  one  ampere,  then  the  niiit  qiuntily  as  dcfiiKd 
above  »  lli«  piactical  unit  of  quantity  and  is  calleil  lite  ioulouib.  'lliUJi 
in  one  sccoiid  one  coulomb  a<f  electricity  i»  transported  past  a  given 
point  by  a  current  of  one  ampere. 

The  clertro- magnetic  unit  of  difference  of  poieniial  or  of  electrcK 
motive  force  is  soch  that  if  the  unit  electro- inaftnetic  t^wntity  of  elec- 
tricity falls  through  this  unit  of  potential,  ihu  wotk  done  ii  nne  erg. 
'fliis  unK  Ijeiiig  «ry  small,  for  pmctjcnl  pBirpnscs  the  unit  adnpitd  is  ic' 
times  thu  unit  llib  praaical  unit  of  clcaromocive  force  b  called  a 
vatt. 

The  declmrootive  fiwcc  of  a  Daniell's  cell  1»  about  1. 1  votts.  tn 
order  to  arc  writing  the  winds  electromotive  force  at  lenglli,  we  ^tiall 
often  use  ilie  recogniw:d  .nbbre  via  lion  K.M.K, 

47fi.  Sti^nglh  of  the  Field  due  to  a  Straight  Conductor  In 
whldi  a  Current  Is  Passlnflr.'-SuitpoM  ttiai  ab  (Fjg.  4s8j  i*  a  "ire 
ihttniKh  whirh  a  cutrcnl  is  passing,  antl  that  PCI>  is  the  line  of  f«rce  of 
iIm  current  paMing  through  a  point  P,  whtch  is  at  a  distance  r  from  Ibu 
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wii«.    Then  Uie  direciion  of  iHe  magnciic  field  doe  to  tl»c  current  M  ibt 
point  r  i»  langenlbJ  to  the  line  of  foroc,  f>.  in  the  ditrctiim  of  the  xno>. 

The  ttmiKtJi  of  |]>c  field  ii 
o1>vi<ias!y  praponioiul  to  tbi 
Micngih  of  the  cairrnt  in  iIk 
wirci  for  if  a  se<.-oi>d  itice, 
carr^-iiif;  an  t<}iul  cumci, 
were  p!;ii:e(l  alongside  AB  the 
tklii  »t  P  due  to  ihi»  cuireM 
would  have  the  &3tne  vxhie  ai 
tbe  field  at  ihi*  point  due  to 
the  cuncnt  in  Aft,  .ind  hence, 
when  ibc  lH'i>  viru  exist  »imul- 
tanrouily,  the  field  at  I*  uiU  be 


A 

to 


B 


ivice  as  stn>ng  &s  it  h  when  only  one  of  the  wires  is  present.  The  two 
witea,  each  cairyinj;  a  current  C,  ate  equivalent  to  a  single  wiie  in 
wlijch  the  current  b  -iC,  v»  that  doubling  the  curmit  liu  also  doubled 
the  strength  of  the  field  at  r.  Tlie  me  at  whidi  the  sirenglh  of  the  ficM 
rarics  with  the  distance  r  from  the  oire  can  be  at  once  deduced  frotn 
the  expcriinrntnl  fact  (hat  if  a  magnet  be  suspended  so  ihnt  i»  two  potct 
tie  OD  a  line  passings  through  the  nire  and  perpendicular  to  the  wiie, 
then  ihe  magnet  experiences  no  force  (endinf;  to  nuke  it  rotate  round 
the  wire.  Suppose  that  tbe  north  pole  of  the  magnet  )i  at  r,  at  a 
distance  r  from  the  wire,  while  the  soiiih  pole  is  at  <j,  at  a  distance  R. 
Let  ibc  Mrrngth  of  ihc  field  at  P  be  U,  and  tlul  at  <j  be  //',  then  the 
iattit  exerted  on  the  north  pole  P  is  mH,  wliere  m  is  the  strength  of  the 
pole.  The  moment  of  this  force  about  the  axis  of  the  wirct  tending  to 
rotate  (he  magnet  in  the  anliclockwiie  direction,  is  mHr.  In  ihe  same 
way,  Ihe  moment  ol  the  force  due  to  the  6e!d  of  the  current  on  the  south 
pole  Nt  Q  is  mH'H,  and  tends  to  rotate  the  magnet  in  the  clockwise 
direction.  Since  experiment  shows  that  the  magnet  experiences  no 
resultant  force  tending  to  make  it  rotate  as  a  whole  round  the  vrlrCi 
these  tH'o  n^omcnts  must  be  ecjtial  and  opposite.     Hence 


or 
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Hence  it  follows  lliat  the  strengili  <tf  the  ficl<l  in  the  neighboorhood  of  a 
long  straight  conductor  conveying  a  current  varies  inversely  as  the 
distance  from  Ihe  conductor. 

We  may  lherefor«  say  that  the  strength  of  the  field  in  iha  neighbour- 
hood of  sue h  a  long  stiaighi  wife,  in  which  a  mrtcni  C*  is  flowing!,  is 
direclly  pioporlional  to  the  sttenj^lh  of  the  cuireni,  and  inversely  pfO- 
portionnl  to  the  distance  of  the  point  considered  from  tbe  wire,  or 

H=Ki:ir, 
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whew  A'  i«  a  cenMinr  By  inakinj^  mcMureniCTis  of  the  strentjih  of 
lli«  field  by  Any  of  tlie  inetliods  prevluusly  );■*'*"■  ^'-^Y  ^T  nQling  the 
<!tlleL-ti<Jo  of  a  hinall  iriaKni'ii'--  ntetlle  when  at  a  gtv^i  diitance  from  the 
wire,  vrc  can  obiain  liie  taiio  of  the  sitcnx'''  of  the  field  due  to  the 
nirrcnt  lo  the  vlrength  of  the  earth'*  field,  the  value  of  whirh  is  known, 
it  c-in  be  thown  ihai,  if  C  i»  tncasiircd  in  ^.ga.  units,  the  value  of  the 
cnnMant  A'  is  3.  Hence  the  »lren;;th  of  ilie  field  at  a  distance  r  from 
the  wire  n  given  by  //  ■-  iCIr,  if  C  i%  tncamted  in  terma  of  the  c^,j.  unit 
of  cuncat,  and  H  equal  10  tA/loroT  Ai^r;  where  A  U  ibe  value  of  the 
cuiteni  meiisured  in  .iinpcret. 

Since  the  atrenglh  of  the  m-ifrneiic  field,  at  a  distance  r  from  a  long 
xtraight  wire  in  which  a  curtcni  of  C'  t-Xt.  unit*  is  fiowinK.  is  iCjr, 
and  the  circumference  of  a  rirfle  of  radius  r  is  irr,  the  work  done  in 
earryinit  a  unit  pole  round  the  wire  alonj;  the  circle  of  radius  fwiil  be 
TxryciClrot ^tcC.  Thus  the  work  done  in  catrjing  a  pole  round  the 
cODducior  it  independent  of  the  radius  of  the  circle  along  which  the 
p(de  t>  carried,  and  hence  ihv  nxirk  dune  will  Im:  the  SNnie  whate'k^r  the 
path  traversed  by  the  pole,  so  long  a»  it  panes  compleli-ly  luiuid  the 
wire  and  then  reiutni  to  iu  sianing-puinL  That  thi»  is  so  is  imincdi- 
alelj*  cvideni,  for  n-c  may  split  up  any  given  path  into  a  number  of  sinnll 
elements  which  are  altcmaicly  parallel  to  the  lines  of  force  and  at  right 
angles  to  the  lines  of  force,  and  ilie  iroik  done  along  t)ie  ftuni  of  tlie 
portions  in  llie  direction  of  ibe  lines  of  force  oill,  by  what  has  been 
already  said,  be  equal  lo  4rC',  while  no  work  will  he  done  in  the  short 
paths  which  are  at  ri|ihl  angles  to  the  tines  of  force, 
since  there  is  no  component  of  the  force  along  these 
paths. 

Although  there  is  no  couple  tending  to  nmkc  a 
inagnet  as  a  whole  revolve  lutuid  an  infmiiely  long 
straight  comdtictor  in  which  a  current  is  llowinj;, 
owing  to  the  fact  that  the  force  acting  on  the  north 
pole  is  exactly  b.-il.in<:c(I  by  the  force  acting  on  the 
couth  pole,  yet  by  uting  a  conductor  u(  finite  length 
we  may  etiminaio  the  effect  of  the  current  on  one  pole, 
and  tliui  allow  the  other  pole  to  be  moved  round  in 
the  direction  of  the  lines  of  force  of  the  current. 
One  arrangement  by  which  t)us  expeiimenl  may  be 
carried  out  is  shown  in  Fig.  459.  A  renicil  axte,  ab. 
It  pivoted  so  that  it  may  turn  freely,  and  to  this  is 
attached  a  nmgnet,  -ts,  which  is  bcni  in  ihc  manner 
■hown  in  the  ligure.  An  annular  mercury  cup.  c,  is  alto  attached  to  the 
middle  of  the  axte.  ihu  mercury  cup  berng  ill  conducting  cummunicalion 
with  lite  axle.  Tlius  a  current  can  be  palsied  down  llie  axle  entering  at 
the  upper  pivot  and  leave  by  means  of  a  wire,  F,  which  dip*  in  the  inrrcury. 
In  the  portion  AO  of  the  axle  ibcrenill  thus  be  a  coirent  flowing,  and  the 
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nurtli  pole  of  tbe  ma^H  will  tw  acini  upon  by  this  rurrcni.  Since,  liov- 
evcT,  tbcre  b  w>  cwrrat  ta  the  ponion  CB  »f  tiic  axle,  Utu  south  yM,  ^ 
win  DM  be  within  tbc  field  of  tb«  current  Thus  the  nusnct  as  a  whole 
will  be  oicici]  opon  by  a  tucning  moment  tending  to  make  it  rotate  aboui 
the  axle,  the  direction  of  motion,  if  we  look  from  abcn-c,  bein^;  ciodcwitc^ 
Ibr  the  linn  of  force  of  the  cnirent  from  a  to  r,  when  seen  from  aboft^ 
ran  ia  the  clockwise  direction. 

If  M  is  tbe  MieoBth  of  the  pole  of  the  inaf^nei  and  tbe  current  flowing 
is  (',  the  woric  done  b>-  ibe  current  on  ilie  magnet  dunnt;  cacb  complete 
rotation  is  \-rmiS.  Wlien  tbc  steady  slate  has  been  ivacbed,  thui  'n, 
when  the  ma)n>et  is  rotating  with  anifonn  velodty,  this  <iuantily  of  w«(k 
it  exactljr  eqval  to  the  work  done  Ap"»*t  faction  in  moving  the  rotating 
paru  of  the  tn^imineni. 

476.  Field  du«  to  a  Ctraular  Conductor.— In  the  previous  sectian 
we  have  dealt  wiili  the  DU|{neitc  6eld  of  a  long  straight  conductor  ia 
which  a  current  is  rtowing,  and  we  have  now  to  consider  the  iield  due  to 
coiulucton  of  other  fbrms. 

We  may  rcKard  the  field  at  any  point  as  doc  to  ibe  combined  action 
nf  all  the  small  elements  into  which  the  conduciinK  wire  may  be  }uppo»ed 
to  be  broken  upi  'Hie  ctfcci  of  a  %i-aaS\  element,  such  at  we  have  suppooeit 
the  wire  lo  be  split  up  into,  cannm  be  measured  experimentally,  since  it 
is  impoelhlc  to  obtain  sttch  an  eletnent,  for  the  current  must  be  con- 
ducted to  and  nwny  frotn  the  clrmrni,  and  the  magnetic  eflcct  of  lhe>e 
canduclors  would  ha\-r  to  t>c  t.-ikcn  into  nrcounl.  Ampi'tc,  boue^er, 
made  a  lonj;  series  of  esperimentt  ori  the  magueiic  field  of  conductors 
of  dillereni  fontis,  and  be  deduced  from  hit  results  wfaai  would  be  the 
magnetic  field  of  a  small  element  of  a  wire  in  which  a  current  C  is  flow- 
mg.  If  &i  is  the  length  of  the  clement,  and  if  ilie  direction  of  the  length 
of  the  element  makes  an  angle  %  wiih  ihc  line  joining  Ibe  centre  of  the 
dement  10  ihc  point  where  llie  strength  of  the  field  is  to  be  roeasurtd, 
and  the  distance  of  this  point  from  the  centre  of  the  element  it  r-,  tbea 
the  strength  of  the  Add  ia  CAf.sin  fi,'H. 

Although  the  correctnesa  of  this  exprettion  cannot  be  directly  tested 
by  experiment,  yet  by  its  means  we  can  calculate  the  strength  of  the 
Iield  due  to  conductors  of  certain  lixed  forms,  and  then  if  the  cjilculated 
result  agrees  with  the  value  obtained  experimen tally,  the  correctnets  of 
Ampere's  law  will  be  made  more  and  more  probable  as  the  number  of 
expcrimentt  raade  is  increased. 

As  an  applicaiiun  of  the  law,  we  may  employ  it  to  obtiun  the  strength 
of  tbc  firld  neat  a  wire  which  n  bent  in  the  form  of  a  circle  of  radius  R, 
First  let  tbe  point  at  whirh  the  fcirrc  \f.  to  be  calculaicd  be  tlie  ceniie  of 
the  circle,  then  the  angle  bciwccn  the  rlEinciil  nnd  the  line  joining  ihe 
element  to  the  centre  of  ihc  circle  it  always  90' ;  hence  tin  fl  is  t  lax  all 
the  elefi>cntt.  The  distance  of  the  point  where  the  sttcngih  of  the  field 
it  lo  be  nicaturod  from  the  elements  it  also  constant,  being  R  the  radius 


of  ihc  circle  Itcncc  the  sircnglh  of  ihc  field  due  «»  Mch  element  of 
length  ir  a  Cixf/l'.  Further,  since  ihc  direction  of  the  lines  o<  ibtce 
due  to  tacb  element  aie  at  iit;ht  angles  to  the  length  of  ihc  element,  the 
direction  of  the  lines  of  force  at  the  centre  of  the  circle  are  all  parallel  lo 
the  ;txi«  «f  tlie  circle.  Thus  the  itrenfflh  of  the  field  due  to  the  combined 
effect  of  nil  the  clemcnl*  is  ohlnincd  by  simply  adding  ihc  strength  due 
to  each  ul  tliem  Kp^Jiraiel)'.  The  factor  Clfi*  beinK  common  lo  alt  the 
denMal^  wc  have  sttnply  to  add  togecber  llie  lengths  of  the  difleicnt 
demenia  of  the  wire  and  ihcn  multiply  the  yum  by  QK'.  Uui  the  bum  of 
the  Icneih*  of  the  elements  ii  llit!  circumference  of  the  citrle,  that  is,  Irff. 
HcDce  the  atmigih  of  tlic  licld  at  the  centre  of  the  rirclc  is  irC'l!.  If, 
iBMsad  oj'  being  a  complete  circle,  the  n-iic  only  occupies  an  arc  of  which 
llie  length  iii  «iual  to  the  radius  H  of  the  circle,  the  »irength  of  the  field 
at  the  centre  ii  C<H.  If,  further,  the  radius  of  the  circle  is  one  centimetre, 
the  kngth  of  the  rirc  alio  (>e!iiK  one  centimetre,  the  strength  of  the 
field  at  the  centre  is  C.  Hence  if  tlie  slrcnjflh  nf  the  field  at  the  ccmre 
it  imily,  the  ciirrenl  in  the  wire  is  also  unity,  and  this  result  agrees  with 
Qur  dctinilion  of  the  iinil  runem. 

If  instead  of  the  wire  only  forming  a  singlo  turn  there  are  it  lunfs,  all 
i>f  radius  li,  and  a  current  C  is  sent  througli  tbem  all,  since  tlie  rield  due 
to  all  the  turns  will  be  parallel,  and  the  ttrength  at  ihc  centre  due  tn 
one  turn  U  srCfJi,  the  urength  of  the  field  due  lo  the  n  (nms  will  be 
irtiCIR.  K  instead  of  being  measured  in  r^a.  units,  the  currortt  is 
measured  in  amperes  (he  sircnglli  of  the  lieid  produced  at  llie  centre  by 
a  current  of  A  amprrcs,  u-hcn  flowing  in  a  circular  coil  of  radius  R  and 
having  "  turns,  is  khA  ,  %h'. 

To  obuin  the  strcngih  of  ihe  field  at  any  point  on  the  axis  of  the 
circle,  other  than  the  cenltc,  we  may  proceed  as  follows,  t^ri  A  and  n 
(Fig.  460)  represent  ihe  cross-section  of  the  circular  conductor  by  a  plane 
(that  of  the  paper)  piassing  through  the 
centre  C  Let  the  distance  of  the  pninl  V 
from  the  plane  of  the  circle  l>e  4,  aivd  the 
BJigle  made  by  a  line  joining  V  to  any  point 
on  iho  circumference  of  (he  circk  with  the 
axis  be  6,  Consider  an  clement  of  the  wire 
of  lenfttJi  ir  at  A  ;  the  strength  of  ibe  l>eld 
due  to  thit  clement  at  !■  will  be  C^/aH, 
since  the  line  ap  is  ai  tight  angles  lo  the 
demenL  Also  ai-'- A^^if*,  so  that  the 
force  due  to  the  elcmcni  is  Ott<{/i' *  tP). 
Since  the  lines  of  force  of  the  clement  xn  circle*  in  ibe  plane  of  the 
paper  with  A  as  centre,  the  direction  of  the  force  at  r  is  tangential  to 
the  circle  in  the  plane  {Kiuiiig  through  P  perpendtciUar  to  the  eteitKnl 
dcKribed  about  A  as  rcnirc  an4f  with  AP  as  tndiut,  that  is,  it  is  along  VU, 
where  PD  is  al  right  angles  to  AP.    This  force  may  be  restdvcd  into  two 
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components,  uoe  atong  ilte  axii  oTOw  drde  and  ihe  utbcr  alnng  ihc  Cnc 
PF  At  riiihl  angle*  to  Ih«  axis.  Since  PD  i»  iit  rixhl  anKles  to  aI*,  mkI  t'C 
is  at  nghi  ai^flcs  to  CP,  the  angle  rri)  t(  equal  to  A     Hence  the  com- 

poncnt  of  r  akms  tbe  axis  it  -j^rjt  ^^  ^>  '"'^  "**'  camjMOcnt  at  right 

anfiiea  to  the  axa  ta  -^      _  cot  f.     If  ««  prooMd  in  iho  same  way  fiir 

the  element  of  length  Jtrat  B,  the  compoiictii  aion^r  the  axis  will  also  be 

sin  9,  aod  tlic  componeni  at  litihi  an|[leK  to  ilic  axis  will  be 

af-^co>  {7,  but  in  the  oppoitte  diteciion  to  the  compoocnt  due  10  the 

eletneot  at  a-  Thus  ilir  cmnpnncnts,  ni  riglu  nngks  to  the  axis,  oJ  the 
fields  due  to  these  two  elrmciiis  are  e<]Ual  and  oppoule,  and  bence 
are  in  equilibiiiim  and  neutralise  each  other.  Since  the  whole  circle 
may  be  »plii  up  inio  pnir«  of  elements  which  bear  10  one  another  the 
*AraK  Tclaiion  as  do  the  clctnciits  at  a  and  h,  ilie  rtimponpnis  at  right  angles 
10  the  axis  will  uu  ihe  whole  neutralise  one  anoilicr,  and  in  talcul.-iiing 
live  strength  of  the  field  at  P  «v  have  only  to  consider  the  coniponcnis 
parallel  to  iJic  axis.  The  tcnn  C  sin  tf/(A*  +  rf^ia  crnnmon  to  all  ihc 
axial  roniponenls  of  all  the  elements,  and  Ihc  sum  of  ihe  Icngilis  of  ilie 
elements  is  the  circumference  of  the  circle,  thai  is,  sirA',  Hence  the 
itreiigth  of  the  field  at  pis  s^^C'tin  &l(/^  *</*),  or,  since  sin  (*-=ac,',*p= 
A"  v'(A''  +  'f).  this  may  bo  written  axA''<:''tA'>+^/')t,  If  tliere  are  11  turofc, 
Ihc  strength  "f  the  field  at  P  is  iTrnAT/<A''+rf*)i 

♦77.  Qalviuiometers.  -  Die  deflection  of  a  magnetic  needl«  from  its 
pnsilinn  of  equilibrium  in  a  m.igiielic  field,  eitlieriliat  of  the  earth  or  ihat 
due  to  lli«  combined  field  of  tbe  earth  and  a  magnet,  by  the  action  of  the 
dcM  due  to  a  wir«  in  whidi  a  current  is  flowing  is  the  commonest  vray  ol 
detecting  and  of  measuring  a  current.  An  instrument  con*isiing  essenti- 
ally of  a  magnetic  needle  and  a  conducting  wiic,  so  ari^inged  that  when 
a  current  fluws  in  ihc  wire  the  needle  is  dt- ficcied  and  used  for  detecting 
or  mcftsuring  an  cleclcic  current,  is  called  a  galvanorncier.  Calvano- 
metcre  may  be  divided  into  two  great  classes,  namely,  those  used  for 
simply  deiciiiiig  ihc  passage  of  a  currcnl  or  of  (^mfiarinf  \hc.  mngnitiide 
of  two  ciirrenis  and  those  in  which,  from  ihc  magnilnile  of  ihc  defloclion, 
wc  can  cakiilaie  Ihc  mngniiudcof  the  ciincnl.  In  the  lirxi  class  the  chief 
requisite  is  scnsi lioness,  ihat  is,  thill  a  very  ^m.ill  current  should  produce 
a  measiireable  dcHection  of  ihe  needle  ;  while  in  ilie  second  class  -vnii- 
livenoss  has  10  be  subordinate  to  ilie  rw|iiirtment  that  we  must  be  able 
In  calculate  from  the  dimensions  of  tbe  coil,  &c.,  the  value  of  the  lidd 
produced  at  tbe  centre  by  unii  current. 

As  n«  have  seen  in  the  last  section,  tbe  strength  of  the  field  ai  the 
centre  of  a  circular  coil  varies  inversely  as  the  raditis  of  ihc  coil,  and 
liencc  if  wc  wish  10  make  the  field  prodiic«d  hy  a  given  current  a»  great 
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a»  pouible^  wc  muit  mjtke  the  radius  of  the  cm)  small.  Further,  since 
ihc  (ir^itgih  of  the  field  ii  directly  proportional  lo  the  number  of  turns, 
the  scnintivcne«5  will  obi'iotuly  increase  ai  the  number  of  lurnt  increase*. 

Suppow  that  Ihc  planr  of  the  galvanometer  cxiit  Is  roailc  in  coinciilc 
wiih  the  mapnrlic  incri<luin,  to  that  the  field  due  ti»  the  coil  is  at  right 
anjik'*  to  the  maKn'"ii<:  nwridi.in,  then  the  diiwtion  in  which  a  ma^eiic 
needk  suspended  at  the  centre  of  the  coil  will  set  it»df  will  be  the  direc- 
tion of  the  resultant  of  the  field  of  ihe  coil  and  that  of  the  irarth.  If, 
then,  by  mcani  of  an  auxiliary  inu'i-net  llic  slren},'th  of  llie  field,  in  which 
the  ncnllc  hangs  vrhcn  no  ciirtenl  ia  paiiing. '»  decreased,  the  re^uliant 
of  this  field  and  that  due  to  the  current  in  the  roil  will  be  nearer  to  the 
direction  nf  the  field  due  to  llie  coil.  The  dcfleriion  of  ihe  needle  will 
ihcreforc  be  greater  for  a  given  strength  of  ihc  coil  field. 

Tlie  senviiivcnoss  of  the  gnlva  no  meter  is  al;o  somciinics  increased  l>y 
employing  what  is  called  an  astatic  system  for  the  needle.  An  asiaiii: 
syslem  eoniiit*  of  two  magnetic  needles  of  almojt  the  same  magnetic 
moment,  fixed  to  a  stem  to  which  is  aitacheii  the  fibre  by  which  they 
*K  sutpended  in  ntch  a  way  that  Iheir  pole*  are  lumecl  in  opposite 
(CreclioftS  <■*  chon-n  in  Fig.  46:.  If  ihe  m.-ignelic 
mooDcnt  of  the  magnet  ni  is  w,  while  that  of  wV  is  wj-t-a; 
wbere.rii  a  small  quantity,  the  system  will  set  tiself  in  the  S  |  n, 
magiKtic  meridian  with  the  pole  n'  towards  ihc  north,  for 
the  majinet  ffV  is  the  stron);er.  If  the  system  isdeUccied 
ihriMgh  an  angle  0  from  the  meridian,  the  couplo  lending 

to  bring  the  needle  «V  b.irk  into  the  meridian  is  (5  4:;;)   ft'—\ 5' 

(m+x)//  sin  6,  while  Ihe  couple  tending  to  turn  Ihe        Fic^ftr. 
nugnet  n/  out  of  the  meridian  is  at//  sin  ff.     Hence 
the  resultant  couple  tending  to  briDg  the  system  into  tho  meridian 
b  .1'//  sin  ft 

By  making  the  <|iianlity  jr  unall,  ihio  couple  mn  he  made  as  Miiatl  an 
wc  like,  so  that  if  the  needles  aic  of  almost  ihc  utmc  magnetic  moment, 
■he  directive  couple  acting;  on  the  astatic  system,  due  to  the  fieJd  in 
which  the  system  is  suspended,  is  verj-  sinalL 

In  the  application  of  an  astatic  system  lo  the  salvanometer,  the  coil 
of  wire  is  eiiltcr  made  to  surround  one  needle  only,  or  two  coils  are 
employed,  one  round  each  nceitle,  but  the  mrrent  is  sent  round  the  two 
coils  in  oprKxile  directions,  si>  ihal  the  field  due  to  the  coils  in  each  case 
tend*  to  deflect  ibc  needles  in  the  same  diicction.  Thus  while  the 
deflecting  couple  due  to  ilic  fieM  nt  the  ^'nlvani.>meter  coils  remains  the 
same,  ll>e  directing  couple  which  trnds  to  bring  the  needles  into  the 
meridian,  ami  hence  opposes  the  deflection  of  tlie  needle,  is  reduced,  and 
the  dcricc-tion  produced  hy  a  given  current  in  the  coil*  of  the  galvano- 
meier  is  increased. 

In  sensitive  galvanometers  (be  deflection  of  tite  needle  is  read  by 
meMH  of  ■  hght  mtrror,  whkh  is  altadied  to  ibc  needle  sytiiem,  a 
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tclc«cnpe  &nd  scale  being  employed  at  described  in  %  y},2,  or  th«  Image 
of  a  H'rt,  O'liicb  is  itluniinalcd  by  a  lamp,  is  throun  011  a  divKlml  scale 
nflcr  ri-flcdiuri  al  llie  mirror.  The  iina);e  la  cither  j>nxiuc«<l  by  lujnK  a 
tontave  minor,  or  liy  placing  a  lens  in  front  ci  ihe  plane  miirwr.  In 
both  tniei  ihe  angle  through  which  the  rcllccied  lieani  i»  dcflccicd  is 
twice  ni  )j""'i'  a»  the  angle  tlirouyh  which  ihe  needle  i«  tnmed. 

478.  The  Tangent  Oalvanomeier.— In  ilie  tam\  of  jpilvanMnvier 
dcsrrihed  in  the  last  section,  tlie  lieUl  due  to  the  coiU  at  the  place  where 
Ihe  needles  are  placed  is  very  irrc^ar,  on  account  of  tlic  crawdinf 
tofjeihcr  of  ihn  turns  of  wire,  so  that  as  the  needle  turns  under  the 
influence  of  a  current  the  strength  of  the  field  duo  to  the  current  changes, 
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an<l  thus,  except  for  very  small  deflections,  the  deflection  of  the  needle  is 
not  pnnKirtional  lo  the  itreiigtli  of  the  current  in  the  coils.  In  desiicning 
n  t^lvanometcr  in  which  the  law  conncclitij;  the  deflection  and  the 
strength  of  the  current  in  ihc  coil*  it  known,  it  is  necessary  lo  nrrance 
that  the  IJetd  duo  to  the  current  al  the  point  wliere  the  needle  is  placnl 
shall  lie  as  uniform  as  pusiible. 

Tiie  most  c<miinon  form  of  galvanometer  for  measuring  currents,  as 
distinct  from  deteninj;  them,  is  the  lanKcni  );aivannmctrT,  so  called  from 
the  fact  that  the  current*  are  profionionnl  to  the  tangents  of  the  angles 
through  which  the  needle  ii  dellccted.  The  coil  of  a  tangent  gal vano- 
metitr  is  made  of  large  radius,  and  the  turns  of  wire  are  aU  wound  in 
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9.  imali  KToovc  in  a  mcial  or  wootkn  ring,  ihc  groove  t>«ing  of  small  cross- 
section  conijiartd  wiili  (lie  ratlius  of  the  ring.  In  Fiy.  461  ihc  lines  of 
forte  aoil  ibe  cquipolcnti:il  HUifaon  for  such  a  coil  arc  shown,  nnd  it  will 
be  noticed  thai  the  field  ii  very  nearly  uniform  near  the  centre,  so  thai 
if  the  needle  is  nnatl,  uy  its  leoKth  is  not  more  than  i/io  i>f  the  dia- 
meter of  the  coil,  the  pari  of  ihc  (irid  in  which  It  hangs  is  practically 
uniform,  and  for  any  given  current  i*  of  ihc  same  sircnjjih  as  the  6eUt 
at  the  centcc  of  the  coil.  Thi4  figure  also  illustrates  how  it  it  thai  in  a 
galvanoineier,  in  which  the  length  uf  the  n«edle  is  almoal  as  grml  at  the 
iliameter  of  the  coil,  tlic  itmngth  of  the  field  cluingea  a»  the  needle  is 
deScctcd. 

Suppose  that  the  coil  of  the  tangent  galvanoinccer  is  set  up  in  tii« 
magneiic  meridian,  and  thai  the  \\\\xe  of  the  earth's  li«ld  at  the  centre 
of  the  coil,  where  ihe  needle  b  placed,  \%  H,  If  there  are  n  tum«  in  ihc 
coil,  and  the  meun  rodim  iif  the  coil  is  r,  the  cross- lecHon  of  ihc  coii 
betni^  so  small  [hat  ihc  radius  of  c^ich  mm  differs  but  little  from  ihe 
mmn,  ihc  strength  of  ilic  field  at  ihe  n-nin;  of  the  coil  when  a  current  of 
Cc-gA.WM%  is  passing  is  iirw  cyr,  and  the  direction  of  the  field  it  at  right 
angles  to  the  magneiic  meridian. 

If,  under  t)ie  influence  of  Ibe  field  due  to  the  rurrenl  in  the  galvano- 
meter,  ihc  needle  is  deflected  through  an  angle  *  from  ihc  meridian,  llicn, 
as  was  shown  in  §  455,  the  couple  lending  to  bring  ihe  needle  back  into 
the  meridian  will  be  ^^H  tin  #,  where  St  is  the  magnetic  moment  of  the 
ne«dle.  In  ihc  same  way,  the  couple  due  to  the  field  of  ibc  coU  19 
trnJfC  cos  0-r.  If  the  needle  is.  at  rest  under  the  In- 
fluence of  theie  tm-o  couplet,  they  mii»t  be  equal,  bcnce         u 

3tmMC  cos  e;r^Jf//  sin  9, 


or 


C-^  i.tn  0. 


We  might  arrive  at  this  result  directly  wilhoui  unng 
the  tt«ult  obtained  In^  4^5,  in  the  following  manner.  Let        / 
>*»  (Fig.  463}  be  the  direction  of  the  inagneitc  meridian,      / 
and  hence  also  ilic  trace  uf  tbe  plane  uf  ihc  coil,  and     S 
let  the  position  of  the  needle  «-hcn  dcflecicd  by  Ihe 
current  be  aim,  ntiiking  an  anjile  tf  wiih  ihc  meridian. 
I'ben  the  force  exerted  on  the  pole  «  of  the  needle 
due  10  the  canh's  field  is  m//,  in  the  direction  ni  l*^  «^> 

parallel  10  SN-  The  turning  moincni  Oif  tbb  force 
about  o  t*  m/f.  ut.  ilui  Uf  i*  equal  to  ov.tln  0,  or,  if  2/  is  the  length 
of  the  needle,  to  /  sin  0.  Hence  ili«  moment  of  the  force  due  10  //  is 
/(n//  tin  A  In  ihe  sanK  way,  Ihe  cuil  has  a  field  of  strength  imC/r  in 
the  di:cctKui  jT^and  the  force  on  tbe  pule  n,  due  to  this  field,  is  irmirC/r. 
The  moment  of  this  force  aboat  O  b  10,  trmnC/',  or,  since  LO— /cM  d^j 
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the  momnu  )»  tKlmaCoai  $lr.    Henoe,  as  bvton,  tlw  coaclilloo  thai  the 
needle  ia  fat  equilibrium  it 


or 


C-^wnflL 


It  will  be  »eva  that  fur  a  fpv<cn  coil,  nnd  for  u.  given  vnlac  of  the 
earth's  HtUi,  the  ctirmit  inning  !u  ilie  coil  is  prcip(Mlian;tl  to  ih«  lanfrcnl 
of  the  iinsli;  through  which  ihe  medic  i&  dcflctictL  Since  tlie  value  of 
tbc  earth's  field  varies  not  on)]-  from  place  to  place,  but  also  frura  time 
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to  time  at  ilic  s.-unc  place,  it  is  usual  In  divi<lc  the  expression  for  the 
curretit  in  terms  of  the  dimensions,  &&,  of  the  coil  into  iwo  p:ins.  'flie 
quaiilily  rHirii,  which  only  depends  on  the  dirneniions  of  the  cuil  of  the 
galvanometer,  is  called  the  constant  of  the  instrument,  and  is  geiMrally 
indicated  by  i/o,  so  that  the  enprewion  for  the  current  which  produce* 
a  deflection  6,  b  C—///L,",  tan  A  The  strengths  ol  two  cuircnis  can  he 
compEicd  without  knowing  the  value  of  cither  //  or  C,  for  if  $,  and  fl, 
are  iht  dctlcciioDB  produced  by  (be  ctirrcnts  C,  and  Cp  we  have 

C,-  H  Un  0,1  G  and  r,-  //  tan  $JG, 
or  C|/C|— Ian  tf,/  tan  0, 
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The  value  of  the  con«(ant  (7  of  the  galvanometer  can  dther  be 
obtAinctl  by  cakuLiiion  from  ihc  mratiiTcmerits  of  the  number  of  mmtj 
and  of  the  radii  made  when  ihc  roil  was  wound,  or  it  can  be  obtnincd 
experimentally  bj'  pauing  a,  curieni  of  wliich  we  know  the  Jibsolute  valuo 
tbruugb  lh«  coils  aiitl  natiii^;  tlie  deflection  9.  Then,  if  the  value  of  the 
eanb's  field  H  be  mcaitued  in  the  manner  given  in  §  432,  the  value  of  G 
can  be  calculated  from  the  relation  <J^  H  tan  $]€. 

Id  Helmbottif*  form  of  L-ui£ent  tfi^i^'^nomeler  the  uniformity  of  the 
lield  near  ibc  needle  is  ycl  further  insured  by  having  two  coit^  of  cqiiid  ^ 
radius  pUced  parallel  to  one  nnoihcr  at  ft  diMance  apart  equal  to  the  ritdiiis 
of  either.    Tlie  needle  \%  suspended  half-w»^  between  ihe  two  coils  on! 
Ibeir  common  atis.    The  fonu  of  the  line*  of  force  for  auth  a  double  coll ' 
is  ihown  in  Fiji.  464,  and  bv  conipariiig  this  fiKure  with  Kiif.  461  ihe 
advanUi[e-,n.if3ras  thp  imifotroity  of  the  field  near  the  centre  is  concerned, 

will  .It  on<"c  he  '.rrn. 

479.  The  Sine  Galvanometer.— If  ihc  coil  of  a  umgent  gaUano- 
meler  is  mounted  so  that  it  can  be  rotated  about  31  vertical  ajiij,  and  Ihe 
anji'te  throuKb  which  it  is  rotated  can  be  irad  olT  on  a  horitonr.-il  iliiidcd 
ctrdc,  ADnther  procedure  for  mca»urins  a  ntrreni  can  be  employed. 
The  coil  is  5rs(  turned  till  ii  tict  in  the  magnetic  meridian  and  the  circle 
is  read.  TIic  current  is  then  passed,  and  the  coil  rotated  about  ihe 
vertical  asi»  lill  Ihe  needle  again  lies  in  the  plane  of  the  coil.  Usin^;  Ihe 
Mme  notation  ax  before,  and  0  now  indicitint;  Ihe  an);1e  through  which 
the  roil  has  been  turned,  ibc  turning  moment  acting  on  the  needle  due 
to  the  earth's  field  nnil  tending  10  bring  it  back  into  ihc  meridian  it  1 
mHi'un  0  as  before.  The  moment  of  ibe  force  exerted  by  ihc  field  of 
the  coil,  whkh  DOw  «ct9  at  right  an>;Ic«  to  ihc  needle,  i»  ixam/C'/r, 
Hence 

;ir*nw/C/r— w///  sin  6^, 


or 


-    Hr    .     a    N  .     a 
Iir«  G 


Thui  Ihe  current  i*  proponional  to  the  tine  of  the  angle  ihrotigli  uhicli 
the  c«l  is  ttirnci). 

The  tisiuil  .way  of  performing  the  ckpcrimcai  ii>  to  lum  the  coil  till 
(be  needle  is  in  the  plane  of  the  coih,  when  tlie  curreoi  is  passing  in  one 
direction,  and  lake  the  reading  on  the  huruonUl  circle^  The  current  is 
then  rever^rd  in  direction,  so  that  the  coil  has  to  be  turned  in  the 
opposite  direction.  The  difference  between  ihe  reading  of  the  circle 
wlivn  ihe  ncedk  it  again  in  the  plaito  of  the  coil  and  (hat  obtained  with 
(he  currenl  in  tbc  opposite  direction  is  twice  the  angle  A 


CHAPTER  VIII 
RESISTANCE 


490.  Ohm's  Lxw.—  lfnfumrnt  Ci(  pasting  ftom  a  poim  W  tn  a  wii« 
lo  .iiiiiiher  [Hiint  /.'  there  i)iii«t  be  an  cicciromolive  forrc  bclu^cn  .-I  and 
II,  and  lliis  clccltdinoiik-c  lurce  is  nicatuicil  by  the  unik  lluit  lia$  la  be 
(lone  a);iiin>il  dcclriciiL  forces  lo  trausport  ihe  unit  qu;ii]tity  of  clcctriciiy 
from  A  to  Jl.  The  conncrtion  bciu^-on  the  clcttranioiive  fbrcc  £, 
between  any  two  points  on  the  wire  and  l!ie  current  which  this  F..M.F. 
causes  in  Ihc  wire,  was  first  Kivcn  by  Ohm  in  1E17.  Ohm  (bund  liy 
experiment  that  ihc  ratio  of/T  to  C  wm  constant,  so  long  as  the  physical 
Stat*  (tempers lure,  &c.)  o(  the  wire  between  A  and  S  vts  the  mme. 
This  constant  ratio  liclwcen  the  elect nunolite  fiirce  uiid  the  current  is 
called  the  resistance  of  the  conductor.  Calling  thi\  (juaniily  A",  Ohm's 
law  may  be  stittcd  symbol'icaHy  as  follows  : — 


or 


C-EIK. 


The  reustance  of  (he  wire,  therefore,  does  not  depend  on  the  Hre^gib 
of  the  current  which  it  flowing  in  it  It  docs,  however,  depend  on  the 
shape  nnd  length  nf  the  wire,  at  aUo  on  the  material  of  which  it  is 
composed  and  on  the  physical  stale  of  ihc  material,  such  as  lempcfwture, 
Mtain,  &C. 

Uhtn's  law  is  entirely  an  empirical  law,  since  there  H  ao  tlieoreti^ 
reason  why  it  should  hold.  The  truth  of  the  law  has,  however,  been 
subjected  lo  most  careful  invcstigftiion,  and  it  has  been  found  lh:it  in  the 
case  of  meii«!s  and  electrolytes  ihe  law  is  true,  at  any  rate  to  within  one 
part  in  a  hundicd  thousand.  In  the  case  of  the  pa^ta^'c  of  electricity 
llirougli  uasN  at  a  very  low  pressure  it  does  doi,  however,  appear  10 
hold. 

Since  the  lesistance  of  a  conductor  is  defined  as  the  mtio  of  the 
electromotive  force  applied  at  its  ends  to  the  current  pnssing  througb 
it,  it  follows  that  a  conducior  has  unit  resiitancc  nlicn  unit  diiYcrence 
of  potential  produces  unit  current  in  it.  In  the  practical  system  the  unit 
of  resistance  is  called  the  aim,  and  \t  such  that  the  difference  in  poien* 
lial,  or  the  E.M.F.,  between  the  terminals  of  a  conductor  of  nhich  the 
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Tcxiiiniicc  is  one  ohm  M'hcn  a  cuircnl  of  one  ainpcrc  is  passed  thrcugb  it| 
is  one  volt. 

The  c^a,  unit  of  resistance  is  defined  in  the  iuiiie  »ay  with  reTennce 
to  the  fj"J.  units  of  cuireni  and  E.M.F.  Since  the  ampere  is  i/ioof  the 
e^j.  unit  of  current  and  ihc  vnit  11  ei^ual  to  to*  (^.i.  units,  ii  follow* 
that  the  ohm  is  equal  to  ic^  c.g.j.  units. 

481.  Speclfle  Tteslstauoe.— The  icsiiiann  of  a  given  mcuUic  con- 
diKtor  (die  subject  of  ihc  rL-aisunce  of  fluids  li  fur  the  present  posl- 
(Mited)  depeiidi  noi  only  on  the  in&tcTtuI  o(  which  the  conductor  is 
conipuscd,  but  also  on  the  diinenaions  of  the  cuiiducior.  For  a  wire  of 
a  K'*'"^"  niaicrial  under  conaiant  conditions  of  temperature^  &c,  the 
resistance  is  found  to  be  directly  proportional  to  the  length  and  invcncly 
proportional  to  the  croKs-ncction.  Hence,  if/  U  the  length  find  j  the 
cross-section,  the  resistance  /i  is  given  by 

where  ^  is  a  constant  depending'  on  the  naliiic  of  the  niaicrinl  of  which 
the  wire  a  composed,  and  is  cuDed  the  si>c<:iilc  rcsisi!inc«  of  the  material. 
If  both  f  and  1  are  equal  to  unity,  llie  rcMiiance  is  equal  to  i.  Thus  n« 
■nay  define  the  specific  res>iitancc  of  a  tnnicrial  at  the  resistance  i>f  a 
wire  of  the  malcrini  t>(  which  ihc  length  is  one  centimetre  and  the  cross- 
scclioD  is  one  tquHic  ccnilmelre,  or  as  the  resistance  between  the 
opposite  faces  of  a  cube  of  the  material  of  which  the  cdg«  k  odg 
eentimetre. 

If  the  wire  is  o'lindtical  and  of  ndiiis  r,  the  resistance  it  given  by 
X^iZ/rr*,  since  the  crosE-SCClion  is  irH 

It  is  sometimes  useful  to  deal  with  the  reciprocal  of  the  resistance  of 
a  conductor,  and  this  quantity  is  called  its  conduclirity,  'Hius  if  S  is  the 
conductivity  of  a  wire.  Ohm's  law  is  expressed  by  C^SE.  In  the  same 
way  the  specific  conduciiWiy  in  of  a  material  i*  the  reciprocal  of  the 
specific  re«isiancc,  Bnd  is  connected  with  the  conductivity  by  the  lelation 
S—mi!t,  the  conductivity  being  directly  proportional  to  the  cross-section 
and  inversely  proportional  to  the  tengtb. 

In  the  following  table  the  specific  resistance  of  some  pure  metals 
is  given,  but  it  must  be  tcincmhcrcd  that  a  mere  tmce  of  an  im- 
purity  may  nty  largely  influence  the  specific  lesistance.  The  specific 
reaistanoe  also  depends  to  a  constderabl*  csleDt  on  the  state  of  the 
mawrad  as  to  hardness,  that  is  as  to  whetlvcr  it  has  been  annealed 
or  ttett  and  if  ao^  under  what  cooditions  ibe  annealing  tuu  been 
performed. 
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Lan£  and  of  i  cm.*  (JiYubwcUon 

■1  a  TcBilwnUiiM  trfo*  (.'- 

1.56  XIO-* 

Copper 
rUiuiam 

ii 

Iron  . 

&6 

Tm    . 

9* 

Xinc   . 

S^ 

Lc4d. 

19A> 

AluiiiiniuD) 

3-3 

Cnrboii{fram  ndiwn-Sinin 

4000 

incAodciircnt  Ump) 

482.  BRleot  of  Temperature  on  the  Speciflo  Besistance  of 

Meta]s.~In  the  case  of  pure  nici^  ilic  vjiwrific  resistance  Atwa^s  in- 

25000 


-300°     -200°       -100°         O  +100"     +EO<rc 

TEMPERATURE 
Kia.  465. 

y 

creases  wiUi  increase  of  lempcr-iiurc.  The  c}i!tn)[c  of  the  specific 
rcMSUuico  wilh  icmperalure  of  tonic  mctjilt,  as  deictmincd  by  Pleininf; 
ant)  Dcwar,  is  shown  bv  means  of  n  series  of  curves  in  Fiff.  465.  The 
nngc  of  icmperaiure  cinplojcci  was  rnmi  about  -200*  C.  10  +300*  C 
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If  any  of  the  carves  are  producci]  barkwnrds  till  lltey  intcrsecl  the  nxia 
of  A',  thiit  IK,  liU  they  reach  the  point  on  the  cun'c  corresponding;  to  mfo  ' 
fesisianc*',  the  rurious  rctiult  U  obtained  tliaii  in  almost  all  caiex  tlia 
tcmpcniture  corresponding  to  lero  rcsislantc  i\  ~  173'  C     Thus  U  tlie 
abMlute  lero  of  tcmpeiaiure  the  reiiitance  of  all  pure  metuls  wotild  he 

Un  account  of  the  fact  ihnt  the  cbAnt;e  in  the  mtsiancc  of  a  plniinum 
<riic  11  oflvn  utcd  in  mcai^urc  the  tcmpcmtiirc  lo  which  it  is  subjected, 
(be  change  in  rcVitianrc  of  this  metal  uith  (nnpcratore  h*9  been  very 
carefully  studied.  As  a  resulc  it  has  been  found  that  iS  Hi  is  the  resist- 
ance of  a  phtinunt  wire  at  the  temperature/*  C.  on  tbe  air  iliennoiuctcr, 
and  ftt  is  the  lesistitnce  at  a  temperature  of  o'  C,  then  the  connection 
between  these  quantities  can  be  ci^preMcd  by  an  equation  of  the  form 

In  iliii  expressiot)  it  and  ^  are  conM^ints  which  vary  slighdy  from  one 
specimen  of  uiie  to  another.  I'hc  value  of  these  eon^tanli  i«  delcrtninrd 
by  measuring;  the  resistance  of  the  vriie  when  it  is  ai  ihree  known  icm- 
pefaiurcs,  »uy  in  nieiting  ice,  boiiin^  water,  and  Imiling  sulphur. 

Over  eomp-irativeiy  small  ranges  of  temperature  the  inrreasc  of 
resistance  of  pure  metals  is  very  nearly  proportioiwl  to  ttie  iiicrraM  i[i 
tcmpcrniurc.  Hence  if  A",.  !<■  the  resistance  at  a  standard  lempeniture, 
say  o*  C',  and  tfi  the  Ksisianc«  at  a  teinpciature  /,  ilicn  we  uiay  expreu 
the  relation  between  A  and  lit  by  an  expre»aioa  of  the  fonn 

The  cocfiicknt  a.  ii  called  the  icmperalurc  coetKcicnl  of  the  inaieriaL 
For  all  pure  mctaU  the  lenipeiature  coelticient  has  almost  the  same 
value,  namely  OlOoJ&&  Since  ihe  t-oefficient  of  eicpunsion  of  a  perfect 
gas  is  0.00366k  it  is  seen  how  it  is  that  the  resistance  becomes  leru  at  the 
■bwluic  icro. 

483.  Specific  Beslstanee  of  Alloys.  — As  tar  as  ihcir  clearicat 
properties  depend  on  ihosi^  of  liieir  cnntlilurnt  metals,  alloys  may  bo 
divided  inio  two  cl.iMes.  Alloys  coniainine  tc^d,  tin,  tine,  or  cadmitin) 
have  a  sprcifu!  rcsi»lancc  which  can  be  cakdatcd  from  that  of  lite  con- 
tiiwefH  netab  if  wc  know  tlie  proportions  in  which  the  coosiiiuent 
metab  ar«  present.  Thus  the  specitic  resistaiKv  of  an  alloy  comaininx 
equal  masses  of  lead  and  tin  will  be  the  mean  of  iliu  specific  rcsisianoe 
oftherORsiitnent  metals.  In  ilic  case  of  most  otlier  nveials  the  spcciltc 
rensiance  of  Ibc  alioy  is  much  hijthet  than  would  be  calculated  in  tliis 
manner.  Not  only  is  the  specific  rctisiance  of  such  an  allm-  yreaieT 
iban  thai  of  the  consiiiaeDis,  but  the  temperature  coei%cicnl  it  less  than 
■hat  of  the  const iitients.  This  is  an  important  properly  of  alio)"*  I 
the  point  of  view  of  the  cxmstruction  of  siaodards  of  resistanM^  for 
uitalkr  tbe  temperature  coefficient  of  tlie  luaicnal  used,  tbe  Itm 
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nriuliQiu  in  live  t«3npcralurc  of  the  stnndard  af!«ci  its  Tc«is.iance.    Ii 
bos  been  fbunct  tfani  liv  uung  mantfannc  as  a  conuitacnl  of  an  altoy,  k 
u  po!»ible  to  prepare  n  in^icrial  of  whlrli  llie  tcmpcrniurc  coeffic 
1(1  ordituiry  tcnipcraturct  Is  cither  leio  or  even  negative  ;  thai  is,  the ' 
icftiiiiaim:  of  ihc  malciial  dcctCA&ca  with  lisc  of  tcinpcntlure. 

484.  Standards  of  Resistance. -Since,  ai  we  shaU  ittx  laicr,  ihr 
reaisi.iiicc  of  t»«  vuixluaon  can  be  comiured  with  a  very  high  <iegr« 
of  accuracVi  whenever  pouihie  all  electrical  mcnturcmcntt  ate  ir^iuce 
to  the  measurement  of  a  retiKtance ;  atxl  the  inanuOiciiire  of  iiiuteru 
slandanU  of  which  the  rcsixiance  ii  known,  and  of  such  a  maieiinl  that 
the  letistant.'e  docs  not  alter  with  liinc,  is  of  considerable  imporlancc. 
Where  great  accuracy  is  desired,  the  fonm  of  {.tamlanl  shown  in  Fig-  466 
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are  used.  The  (brra  shown  at  («)  is  that  adopted  by  ihc  Committee  of 
the  Itritish  Association,  and  consists  of  a  coil  of  insulated  wire  embedded 
tn  paraffin  wax  and  proiecied  by  a  brass  tase.  The  end*  of  the  wire  ate 
attached  to  two  ihitli  copper  rods,  by  nieani  of  uhich  the  standard  caa^ 
he  connected  nith  any  piece  of  measuring  apparatus,  tJie  ends  of  the 
rods  beinK  nni.it|;nninied  and  dippiug  into  small  incttury-cup&  The 
alloy  used  for  the  wire  is  compoted  of  two  paits  of  sih'cr  to  one  part  of 
platinum.  The  constancy  of  this  alloy  seems  .ill  that  can  be  desired,  bul . 
it  has  the  disadvantage  of  a  somewhat  liik'}i  leniperaiurc  coefficient,  and  ' 
is  very  eipcnsive.  Tlic  form  of  coil  shown  at  1,^)  is  that  adopted  by  the 
German  National  Physical  Labi)rator>-,  and  consiin  of  a  wire  which  is 
coated  with  silk  and  shellac,  and  wounrt  on  llie  outside  of  a  l>r:i!is  cylinder, 
Ibe  ends  of  the  wire  heinjf  connected  lo  siout  copper  conncciinK-rod*. 
The  wire  is  composted  of  an  alloy  of  copper,  nickel,  and  man^nrsc, 
called  n^anganine,  which  has  a  very  small  icmpcraiure  coefficicnu    Tliis 
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bci,  combined  witli  the  fact  lliftt  the  wire  not  being  biui«d  in  a  mast  of 
paradin  can  c:\^\\y  take  tip  llie  lempcraturc  ofx  liquid  bnlh  in  whidi  tlie 
coil  is  p!ac«l,  tendcn  this  fonn  of  coil  le«  liable  to  uncertaintiei  a»  to 
the  TTiie  irtnpcratute,  and  hence  the  resistance  of  the  wire,  than  is  Ihe 
English  fonn. 

For  mcaatimnent!)  in  which  the  K^ealest  aiiainabic  accuracy  is  not 
desired,  sets  of  coiU  ate  einployctt  whicli  are  »o  amiat;cd  that  by  leniov- 
ing  a  mcinl  plug  the  rcti>tance  cnrrespontlini;  (u  any  coil  'n  brought  into 
Ibe  circuii. 

485.  Resistance  of  Systems  of  Conductors.~[f  any  number  of 
conductors  arc  nrranKed  so  ihat  ibc:  current  goes  ihmiigh  thcin  All  one 
after  the  other  (under  ilicsc  circiimsunie*  ilie  conductors  art  said  to  bo 
arranged  in  series),  the  rcsiitattcc  of  ilie  arrangi'incnt  \i  equal  to  the  sum 
of  the  resistances  of  the  conductors  separately.  That  this  is  so  follows  at 
once  from  Ohm's  law,  fur  the  potential  of  the  end  of  one  conductor  is  the 
polenliat  at  the  bcKinning  of  the  next,  and  if  /;'„  A'^,  F.^  &c.,  are  the 
electromotive  forces  bettrecn  the  ends  of  the  conductors  when  x  current 
Ci*  passed  through  them  all,  then  F.^^R^C,  F.^^R^C,  E^^R^C,  Ac, 
wlierc  A'l,  ^»  ^»  ■  •  ■  ore  the  resistances  of  the  conductors.  But 
El*  E^*-  E^^  .  .  .  -  £",  ihc  difference  of  potential  between  the  tiro  ends 
of  ihe  compound  conductor.  Hence,  C  being  common  ro  ail  ihc  oon- 
ducio(»,/r/C'=-^,  +  ff,+^,+  .  .  ,  Hut  A'/Cis  the  retiftianceoflhcconv 
hined  conductors,  and  hence  the  resistance  is  the  sum  of  the  separate 
rexi ounces  of  the  conduciors. 

Next  let  n«  consider  the  case  of  two  conductors  of  resistance  r,  and 
ff,  which  arc  joined  together  at  each  end.  Conductors  arranged  in  this 
way  are  said  to  be  joined  in  parallel,  or  in  multiple  arc  Let  F.  be  the 
E. M, J',  acting  between  the  two 
points  where  the  conductors  join, 

and  let  the  current  in  KW¥.  (Fig.  467)   

be  c,  and  thji  in  adk  be  C^.    Tlien  C 

from  Ohm's  la*>'  we  have  c,— K/r|  D 

andc,"E,'r,    The  tola!  current,  C,  Fw  <»?. 

flowing  tbroagh  the  combined  wires 

isC—Ci+C,    Substituting  the  values  fore,  nndc^  we  gel  c— Bd^**,  +  !/»■(). 

Hence,  as  far  as  the  current  r  through  the  combiiuiiian  is  concerned, 

the  two  wires  behave  u  if  they  were  replaced  by  a  wire  of  which 


tlw  resistiutce  was 


i.'-i+l/'-, 


~,  w  - 


>-*-.     Since  the  reciprocal  of  the 


resistance  of  a  wire  is  the  conductivity,  this  expression  amounts  to  a  state- 
ment thai  thecondufiivityoftwo  wires,  when  they  are  arningeil  in  {nrallcl, 
is  cqu«l  to  the  sum  nflheir  conduciiviiics  when  considered  separately. 

Wc  can  cxprcM  the  ctirrems  in  ihc  Iwo  branches  in  terms  of  thaj 
current  c  passing  through  the  t>vo  wires,  and  the  rcMstwicet  of  the  1* 
btancliet  forCivC— C(«C— K/^r 


;w 
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Hence,  sulMtHuiiittr  for  E  in  icrm*  of  c  and  ilie  combined  rcsnijince, 


wefTM 


or 


<:,=c 


r^+ry 


C,- 


In  the  same  my 


If  there  are  more  than  tvro  cnndiicrlora  arranK«i  in  parallel,  ii  can  he 
»lio»ii  in  ilic  same  way  that  thi>  condiiciiviiy  of  ihr  nnAiiiicincnt  is  the 
sum  i>f  ilif  t Olid uciivit its  of  the  brdnchcs  i-cp.iralrty. 

486.  Shunls,— If  we  know  the  rwisiancc  of  each  of  two  condncton 
whicK  arc  ai  milled  in  paraliel  and  measure  tlw  current,  (7„  in  one  branch, 
we  ran  cilculate  the  ctitrent.f,  which  is  passing  I hrou^-h  ihctwohranchci, 
Thispropositionismadcuiieflf  for  the  purpose  of  mcasunnj;  currents  which 
arc  lool.irgc  lobe  passed  through  ihccnils  of  any  available  ga)\-anomcief. 
A  re^lManco  .?,  «illed  in  this  casc  b.  shunt,  is  connected  in  parallel  vrtiU 
tb«  cuiUof  llic  gulranomelcr,  of  which,  sa)',  the  resistance  is^'.  Then  i( 
C  is  the  current  p.is«ii)).'  throu^li  the  shunt  and  galvanometer,  /r.  tlie 
ciinv'nt  to  be  meiisured.  and  c  is  Ihc  current  indiiaicd  by  ibe  {."alvano- 
meter,  wc  have,  liy  the  relation  found  in  ihc  la^t  section, 

Very  often  a  galranomeier  it  supplied  wiib  a  set  of  shunts  of  whicli 
the  resistances  ^.n  gi9,  gf99,  &c.     tlencc  ihc  current  in  the  gah-ano- 

miter  i»  i/to,  i.ion,  &c.,  of  ttie 
currt- ui  10  lie  measured 

487.  Wheatstone's  Net- 
work of  Conductors.— A  sys- 
tem of  coudurtoi^,  AK,  rc,  AD, 
lic^  arranged  as  in  Fij;.  468,  the 
points  A  .md  C  being  connected 
with  the  poles  of  a  baiiery,  b, 
.ind  the  point?)  1>  and  K  being 
connected  lUrou);h  a  ^alvano* 
metcr.G,  is  called  a  Wheatstone's 
network  of  conductors.  If  the 
resistances  of  llic  separate  con* 
duciors  are  .is  shown  «n  the 
figure,  and  iheae  resislance*  are 
^o  .idjuiicd  that  no  currtni 
passes  tlimu^h  the  Halvannmetcr,  then  the  fDllaivinK  relation  holds ; — 

'■Jr.-rJr.. 


Since  iliete  b  no  current  through  the  ||[alvaflameier,  the  poicnlisl  of 
llw  puint)  E  and  U  must  be  tlie  same.  If  c,  la  ilie  curreni  in  ihe 
brJiKli  AKC,  Aiul  1-,  ii  lh.-it  in  the  bruiich  aIiC,  wc  liave  Iruni  Ohm's  Uvr 
tlut,  if  r,  i*  the  E.M.F.  beiwccn  A  and  E,  and  m>  on  Tor  the  other 
conductors, 

'i-ci'ii  '»-'i'«.  fi-V»  WVf 

Since  the  two  cODduciors  at*  nnd  at;  ar«  in  cnnrnri  at  a,  the  potential  at 
thii  point  mu«  be  the  same  for  both,  and  we  have  seen  that  when  no 
current  is  pasftin^  Ihruugh  the  {■alvanoinctcT  the  point!*  k  and  u  »ic  at 
the  same  jHitcntial ;  hence  the  difference  of  poicntijil  between  a  ;ind  H 
miul  be  the  same  a*  that  between  A  and  O  orci—*-^  In  the  smnc  way 
ff-fi-  llcncc,  nih^iilutin^  forO'  ^v  ■'»  ^v  'i*  lemu  of  ttie  curtcnis  and 
the  nsistancrr-s,  we  gn 

Dividint;  one  of  these  ojuatinns  by  ihe  other, 

or  '•,'-, -V»- 

TluB  may  be  written  r,"r..-*,  nliidi  shows  that  if  we  lebow  the  ralue  of 

the  roiilancG  r^  and  alio  ihc  r.i/it>  of  ihc  rciiitancea  r,  and  r,,  »-c  can 
calculate  the  value  of  the  icsistanrc  r,.  Tiiiif  if  •rckni>w  tlicvalueof  one 
reusiance  and  ihc  ratio  of  two  others,  nhich,  when  nrnin);ed  lo^ihrr 
with  an  iinkiMwii  misianco  so  us  lo  farm  x  Wlmtaionc's  net,  give  do 
current  in  the  galvanoincier,  n«  can  immediately  calculate  the  value  of 
the  unknuwn  rciittanre. 

488,  WheAUIone*X  Brld^.— An  ammgemcot  of  t«siuances  tt> 
bdliiatc  the  mcatiirenicnt  of  a  resistance  by  an  application  uf  the  ii-sulis 
obtained  in  the  last  section  isolled  a  Whcatstone's  btid^e.  The  nimplcsi 
totm  of  WbealMonc's  bridge  is  shown  in  Fig.  469,  and  it  railed  the  slide- 
wire  bridge,  or  lomciimts,  linrc  the  wire  it  often  made  »  metre  lony,  ill* 
metre  bridije;  In  this  airangi-nicnt  tlio  icsi fiances  r,  and  r^  the  r;ili(>  of 
wliose  itsisUDces  is  tcijiiiied,  arc  funned  by  the  two  porl^uni  of  a  tmitomi 
wire,  AC,  whidi  t«  stretched  alongnide  a  divided  K-ale.  The  galvanometer 
coniBci,  which  cntrevponds  to  the  point  t>  in  Fig.  468, 11  formed  by  a 
ftlidtBK  contact,  D,  which  can  be  moved  to  dilTet«nt  parts  of  the  wire,  and 
ihtw  the  ntio  of  r,  to  f *,  can  he  nItcTcd  at  will.  Simv  the  wire ii  uniform, 
iIm  ratio  of  '■,  to  r,  b  Ihe  tame  as  the  rat'm  of  the  Icngihi  of  the  wire  on 
ihetwosidesof  the  slidin);  civntact  I*.  Theendiof  ttie  wircar^soldeivdio 
two  thick  aipper  stiips  r  and  H,  'ITio  battery  used  to  su|iply  tl»c  current 
b  connected  \a  two  binding -screws,  it,  and  b^  on  theie  ^rips.  The  other 
loftnitMl  of  il>e  Ktdvaiwmeter  ii  attached  to  aiHither  mpper  strip,  1.  The 
tveistjuiec  to  be  mcoaored  is  connected  between  ths  1 
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p,  »nd  r»  or  the  tenniiuili.  if  it  i«  of  tho  form  sbuwn  In  Fi^.  466^  dip  inoe 
small  mercury-cupt  ut  tbeM  ]>oini&    llie  ttiaodanl  RKUancc,  r^  in  the 

fonnula  r,  —r^.  ',  it  connccied  with  ihc  bindinif-Krcwi  g^  and  g^  liv 

tliick  copper  strips  or  dips  into  meroiry-ctips  aiUcbed  (o  I  nnd  11.  In 
perfonninK  an  experiment,  the  reiiaiances  r^  awl  r,  being  arntngrtl  At 
dptciiljcil,  the  iliiler  I)  i*  nioi'ed  alonn  the  wire  till  llie  galvnnonictci  it 
iindeflrcird  on  prcsiins  the  key,  by  means  of  which  t}i«  slimier  i«  put  iitlo 
condu<:(inK  communicaiion  with  the  wire  If  tlip  tcngih  of  tlic  wire  on 
the  side  ncn  the  unknoi>-n  rrtiititnce  be  a,  nnd  that  on  tlio  &ide  itext  tbe 


TO  BATTEftV^ 


TO  OAtXANOM 


ro  CALVANOMETEK 


TO  BATTtnV 


Fxv^Sq. 


Standard  bo  #,  and  the  resistance  of  thU  latter  be /f,  then  the  resintancer 
of  the  unknown  resistance  will  be  given  liy 

Another  form  of  Wbcatsione's  bridge,  known  va  the  Box  or  Post- 
OSioa  form  of  bridge,  Ii.ii  nu  sitciclied  wire.  In  iSis  form  the  Tatio  of 
the  resistances  r,  and  r^  is  noi  capable  of  beinK  given  any  value  we  pleaae, 
but  the  briiisc  is  supplied  with  a  number  of  coiU  by  mcani  of  nhich 
certain  fixed  mlio»  can  be  obtained,  the  mua!  ratios  being  1:1,  r:t0i 
i:tot\  1:1000,  1000:1.  ioo:t,  10:1.  In  aildiiion  10  these  Taiio  coils, 
there  are  a  set  of  c«il&  by  means  of  whirh  (he  resistance  in  the  arm  KC 
can  be  made  any  whole  number  of  ohms  between  1  and  10,000.  If  the 
ratio  o(  the  proportionnl  nrm«  is  1 ;  1,  then  the  resistance  unptuggcd  in 
the  third  arm  will  be  equal  to  the  resistance  bcin^  measured.     If  the 


Tht  Platinmn   Thermomtter 


raiio  of  ihe  proporlionat  arms  is  t :  lo,  tli«o  tli«  mbtance  being  measured 
is  ten  limes  the  teiiiuiice  unplugged  in  ibe  Ihicil  arm  ;  while  if  the  mio 
»  io:t,  ihcQ  ibc  rctiiuncc  is  one-tenih,  and  %a  on. 

489,  The  Platinum  Thermo  meter.— For  measuring:  icmpentttitea 
much  above  300'  the  inctcory  tliermomcier  \s  quite  uniuited,  and  although 
(lie  atf  thoimomcter  can  be  employed,  ytx  its  us*  is  accompanied  by  »o 
many  expenincnialdifficulliesas  toieoder  it  only  suited  Ibr  siandnrdtiing 
other  more  handy  Ibrmt  of  Ihennooneter.  The  (act  that  ibe  resistance 
of  a  condtidor  can  n-ith  compnntlive  ease  he  mcaturrd  with  n  icry  hi^h 
drgree  of  accuracy,  renders  a  ihcrmometer  which  depends  on  ihc  change 
of  icstuance  of  s  metal  wire  with  lempcratuie  par- 
ticularly handy  and  accuniie ;  the  only  requiinte 
being  to  fmd  a  maierial  which  the  resUtance  at 
any  given  tempetaiuie  does  not  change  with  time. 
Kurther,  if  ihe  lempentiure  coefficient  is  fairly  large, 
and  ibe  material  u*il|  stand  a  high  tcmpcraiuie  without 
eluingc,  IP  much  ibe  better.  Callcndar  imd  Griffiths 
bai-e  found  that,  if  suitable  precautions  are  taken  as 
to  the  tnaierial  on  whirh  ihc  nirc  is  wound,  and  it  is 
properly  protccird  from  ihc  action  of  ccriain  gasc^, 
platiaum  fulfils  these  conditions  thoroughly  well. 

The  form  of-  platinum  ibotmomcter  which  they 
have  dcnsed  !s  shown  in  Fig.  470-  It  consists  of  a 
Hire  of  pure  platinum  wound  on  a  thin  mica  frame 
and  cnchxed  in  a  i;Iass,  or,  if  it  is  required  for' 
cneasurinjf  high  tempcrnlurc*,  in  a  porcelain  tube. 
The  end*  of  the  wire  arc  connected  lo  two  thick 
plaiinutn  leads,  P,,  P^  by  n-elding  the  pUiintim 
logetlier.  Flexible  copper  wires  arc  used  to  connect 
the  piaiiauiu  leads  to  a  Whcaistone'a  bridge,  by 
aieatu  of  which  the  resistance  of  the  wire  can  be 
meanired. 

Since  any  change  of  temperature  would  aficcc  thrr 
resistaiKe  of  the  plntinum  and  copper  U-ads,  while 
what  wc  tequirc  lo  nicafurc  is  the  change  of  resistance 
of  il>e  coil  of  thin  wire  only,  Callcndar  and  Griffiths  have  introduced  a 
coenpeniating  derice.  This  coiuists  of  a  second  pair  of  leads,  c,,  C^ 
of  exactly  the  same  resittance  as  the  others,  but  which  arc  connected 
together  at  A.  These  dummy  leads  are  connected,  b>-  means  of  a  pair  of 
SrKiUe  copper  leads  of  the  same  resistance  ai  the  others,  with  the  adjacent 
arm  of  the  Wbcaisionc's  bridge  to  that  in  which  the  platinum  ihentio- 
mcicr  is  placed  Hence,  as  both  sets  of  leads  are  placed  close  together, 
their  tcmpcraiure  will  always  be  the  snmc,  and  so  any  change  in  rcsist- 
■Dce  produced  by  a  tnriation  of  the  temperature  of  the  1 
both  eqtially.    But  an  equal  small  increase  in  the  reaisUUMfll 
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itm»  of  ibe  bridge  will  not  :iflcct  i1»e  Kalvamwncicr,  and  so  the  arrange- 
mem  will  be  independent  ai  any  cbsoKe  in  the  (etnperatctre  of  the  leatls. 
It  IiAS  been  found  ihni  a  platinum  thermnmeier  gives  consistent 
rcRilu  up  i«  A  icmpcrature  of  aboiii  looo'  C,  .iikI  it  Itas  been  used  wiib 
nuich  succet!  \o  mtoMixe  ihc  meUinR-point  of  nidals. 

490.  Fall  or  Poienilal  aionK  a  Wire  In  which  a  Current  Is 
Passing.  —When  u  current  C  i»  passed  ihrough  a  unifimn  wire  ihc  fell 
of  pottntiiil  along  the  wire  is  regular,  the  diflcrcnce  in  the  potcntinl  of 
any  two  points  on  the  wire  heing  propanional  to  ihc  Icn^h  of  wire 
between  them.  Thi«  follows  at  once  from  the  fact  that,  since  the  wiie 
it  uniform,  ihc  resistance  per  ccnitmclre  is  the  aame  at  all  puinis,  and 
since  the  cuircnt  is  the  sanii.-  ibroughout,  it  follows  fronv  Olun's  law  that 
the  drop  of  potential  per  centimetre  Is  the  saine  tbroui;liout     The  drop 

of  poicniiat  in  a  coadactor,  or  syxicip 
of  conduciois.  conveying  a  current 
can  be  very  clearly  incUcated  b>'  means 
oi  a  diagram  in  which  iltc  distance 
mcaxiitcd  from  notnc  point  along  tbe 
conductor  ii  taken  as  the  absciua, 
and  the  potential  at  the  point  is  the 
ordinair.  11iiis  in  Fig.  471,  if  ao 
nrpreseiiis  the  potential,  meawired 
from  sonic  arbitrary  lero,  at  one  end 
ofa  umfonn  wire  of  which  the  length 
is  represented  by  om.  and  tho  potential  at  the  oiber  end  1%  represented 
by  DM,  then,  since  the  drop  of  potential  \%  uniform,  the  poicniuit  at  any 
point  V  will  he  eijua!  to  ilielen|rlh|P<^of  the  nrdin.Mc  drawn  through  P  to 
meet  the  siniight  line  joining  a  and  it.  The  whole  fnll  of  potential  along  the 
wire  i»  Tcprewnted  by  AN,  whc-rc  N  i*  the  point  in  which  the  line  drawn 
pArallcl  10  ox  tliruu),'b  B  meets  (he  axis  of  Y.  If  Cis  the  current  piu^ng 
through  the  wire,  and  Jt  is  ila  resistance,  then  the  fall  of  potential  or  the 

E.M.F.  Ijciu'ccn  the  end*  will  be 
CA^and  hence  as  represents  C/^. 
Next  suppose  ibat  two  wires 
of  tlie  same  length,  but  one  of 
whidi  lia&  a  resistance  per  centi- 
metre l^^■ico  as  great  a*  tlic  other, 
are  put  in  series  and  a  current  C 
is  passed  through  the  coinbina- 
lion.  The  fall  of  potential  i* 
shown  in  V'lg.  471,  where  AB 
showi  ihe  fnll  of  potcniial  in  the 
wire  of  smaller  resistance,  and  HC 
that  in  the  other  wire.  Since  the  wires  ate  of  equal  length,  01.  is  equal 
to  tu  ;  aiid  since  ibe  resistance  of  the  one  is  twice  as  gieai  as  that  of 
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ihc  other,  KN  is  iB-icc  AK,  for  the  fell  of  potcniial  in  ihc  wire  of  grcaier 
R«isUn<«  will  bo  twice  af  grcjii  as  in  the  other.  A«  before,  the  (nil  of 
potential  in  each  wire  separately  will  be  tcpresenicd  by  a  Mntighl  line. 
The  E.M,F.  between  two  points,  such  3a  r  and  ij,  will  be  repiesctiicid 

Reiucniii^-  to  the  csM  of  k  single  uiiiforai  conductor,  if  two  wir«(  «re 
coflnecieil  To  the  coaductor  at  ihc  ))uinis  o  aiid  p  (Pig.  471),  but  are 
inKiIated  everywhere  cl»e,  then,  viice  there  t*  no  turrenl  passing  through 
either  of  ibese  wim,  the  potentini  throughout  will  be  same,  and  hence 
the  difference  of  poientint  bctnven  the  free  cndi  nilt  be  the  same  as  ihat 
between  the  points  O  and  P,  Ihat  is,  will  be  repic»entcd  by  All.  Suppose 
now  wc  have  iwo  other  wires  which  nic  conneclrd  to  ihc  two  poles  of 
some  arranacment  fir  produirinK  ft  diiTerencc  of  potential,  s;iy  a  bnllciy, 
and  that  ire  join  the  »trc  connected  10  ihc  pole  at  the  higher  pulcnlial  to 
the  point  o.  Tlicn  if  the  riiffereiwe  in  potcniial  between  ibc  potca  ofihe 
battery  is  lesa  ilian  the  difference  of  poicni^al  between  o  and  M,  there 
will  be  some  point  on  the  wire  throtijjh  which  the  current  is  flonrng 
which  will  he  at  th«  same  potential  as  the  wire  connected  10  ihi!  other 
pole  of  the  battery.  Since  when  two  points  at  the  saine  potential  are 
ccitineeted  no  current  p.issei,  if  *re  connect  the  wire  'a-jth  this  point  P, 
no  current  will  pass  through  the  branch  circuit  coniainin);  the  hnttery, 
the  difference  of  potential  between  the  points  O  and  r  bein^  just  equal 
to  that  due  10  the  buiter)-  in  the  branch  circuit,  acting  in  the  opposite 
direction.  Hence  if  -a  galvanometci  is  included  in  the  branch  circuit,  it 
win  indicate  no  current  w lien  the  difference  of  potential  betneen  o  and  P, 
due  to  the  paua]{c  of  the  current  C,  is  cxacily  cciual  to  this  E.M.F. 
Hence  if  we  know  the  current  passing  in  the  wire  "Sl,  and  Ihc  resisWnce 
of  ibc  wire  between  the  points  O  and  r,  we  can  calculate  the  drop  of 
potentiAl,  for  il  is  equal  lo  ihc  product  of  the  current  into  tlie  resistance, 
and  lience  we  have  the  E.M.F.  of  the  baiierr  in  the  bmndi  circuit.  This 
metlwdof  mcasuriniL,'  an  I'J.M.F.  is  called  ro)i),-endoTtrs  iiielluKl. 

If  we  only  «ish  to  cotnjMre  two  li.M,K.'s  it  is  no  longer  necessary  to 
measuie  the  ctirtent,  fur  if  a  steady  current  is  passed  through  a  unifonn 
wire,  or  a  set  of  resistance  coils  which  c-in  be  altered  by  a  xovsU  quantity 
at  a  lime,  and  the  resistance  noted  *hich  has  10  be  intercepted  between 
the  terminals  of  a  secondary  circuit  in  which  the  E-M.^.'s  and  n  seiuitite 
jrahanoineter  are  included  in  succession,  so  (hat  there  is  no  deltection  of 
llie  gatvanometer,  ihe  ratio  of  the  resistances  intercepted  in  the  two  cases 
will,  since  the  mrreni  >s  constant,  be  the  same  as  the  ratio  of  the 
E.M.F.'s  which  are  lo  be  compared.  In  ihe  CJise  where  ibc  rurrenl  is 
.passed  throURha  unifonn  wiic,  the  latioof  ilieIen)[thsof  wiie  intorcc|»Bd 
lUjtive  Ibc  ratio  of  the  K-M.F.'s. 

4fil.  Unas  of  Flow  In  n  CondtHnlnir  ShosL—ln  the  forcKoinff 
considcnttons  of  the  (low  of  currents  in  uim  u-e  have  tacitly  amimcd 
that  the  current  was  uniform  over  the  croas-section  of  the  conductor,  aixl 
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since  wo  have  been  dealing  witlt  lite  flow  in  wires,  wbcr«  th«  lencih  of 
tbewirawugmt compared whl)  it><^rDM-*M:tion,Uii*wfts justilicd.   We 

liavc  now  to  coosidcr  th«  (tow  of  a 
current  in  a  coDduciiDs  sheet,  siidi 
M  a  she«4  of  tinfiriL  Suppo»e  tlui 
by  ineanii  of  win*  aitacbcd  to  ibc 
foil  a  cutrenl  i*  cauied  In  flow  into 
the  tbed  at  a  point  n.  (Fit;.  473X  and 
to  tc-Ji'C  ibc  iA\txK  at  the  point  B,  so 
that  ihcTC  is  a  diflcr«ni:e  of  poienlinl 
of  y.  bciw«i-n  A  and  B.  The  potential 
will  liill  along  the  sheet  from  a  lo  i^ 
and  if  ««  draw  a  !ierie«  of  lines  on 
llie  surface  JMning  all  podntt  which 
are  at  the  same  poieniiat  wq  shall 
liei  a  MticK  of  cquipoienttal  Xana. 
Thr  form  of  these  c(|ui potential  lines 
«in  be  deietiniiied  experimentally  by  \n\\\%  two  n«cdle>poinii^  attached 
by  n  ires  \o  the  temiinals  of  a  galvannmcteT.  One  point  \%  put  in  coninci 
with  the  ilicet  ai  a  point  such  as  I",  ami  ihc  oilier  is  moved  about  till  a 
jMini  Q  ii  found  mch  ih^t,  when  contact  is  made  there,  no  current  passes 
llirou>;h  the  ^alv^inotnctcr.  The  fact  lliat  no  current  paues  through  the 
galvanometer  indir:iic%  llint  the  points  P  and  Q  are  at  the  same  potential, 
and  nic  ilieiefurc  on  the  tnmc  equipoieniial  line.  Proceeding  in  this 
way  a  number  of  points  can  be  found,  all  of  ^ibich  aic  on  ibe  same 
equipotenltal  line  as  P,  and  hence  this  line  can  be  drawn.  Then  by 
moving  the  conductor  from  V  to  some  oiher  point  at  wliiLli  ihe  poteniial 
is  differenl,  a  new  equipoleniial  line  can  he  dniwn,  and  so  on. 

In  Fig.  473  ^be  eqnipiiteniial  lines  are  shown  for  a  sheet  which  is 
large  in  length  and  breadih  compared  with  the  distance  between  Ihe 
pninii  A  and  ii,  at  which  the  current  enters  and  leaves  the  sheet. 

Since  no  euircnt  will  flow  from  any  point  on  a  given  equipoienil.-il 
line  to  any  other  pf)inl  on  thii  line,  it  is  evident  that  the  ciincnl  miiM 
flow  evetywhcTc  at  li^ht  angles  to  ibc  cquipoteniial  line*,  the  reasoning 
being  exactly  ihe  same  as  that  adopted  in  S  447'  Hente  Ihe  lines  thoun 
dotted  in  the  Aguf .  which  everywhere  cut  the  eqiii potential  lines  at  right 
angles,  will  represent  the  directions  in  which  the  current  will  flow  in  the 
sheet. 

402',  The  Hall  Phenomenon.— If,  in  the  case  of  strip  shown  in 
Fig.  474,  two  condudmg  wirei  which  are  attached  to  the  terminals  of  a 
scnsilive  galvanomelpr  are  joinetl  to  two  points  P  and  Q,  which  ate  on 
the  same  cquipotential  line,  no  current  will  pass  through  the  galvano- 
meter. If,  however,  the  sheet  it  placed  between  the  poles  of  a  very 
powerful  magnet,  so  that  the  lines  of  fore*  of  the  magnetic  field  produced 
lij'  the  magnet  are  at  right  angles  to  the  plane  of  the  sheet,  then  the 
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ilvanomctcr  will  tw  dell«ciod,  showing  that  the  point*  f  and  q  ar«  no 
tnger  vquipotcniial.  The  cllect  of  the  ma^ticiic  field  \s  to  distort  ihc 
I  of  flow  and  tli«  cqtiiputciiliul  lines  in  the  sheet  ia  the  "ay  -iliown  in 
F'S-  475i  which  correspond*  lo  the  case  of  a  sheet  of  bismuth  in  which 
(lie  line*  of  force  of  the  magnetic  field  avc  p;iuing  from  abo^-c  the  pa^'c 
to  below,  the  dircciion  of  the  main  current  in  tJie  slicet  being  as  shown 
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\tf  thf  arrows.  In  the  case  of  other  meiali.  such  a»  frold,  the  direction 
in  which  the  cqui potential  line*  and  lines  of  flow  arc  defleclcd.and  hence 
ihv  direction  of  the  cruircnt  in  the  >nlvnnompicr,  is  the  opposite  to  that 
in  the  case  of  hiHnuih. 

This  phenomenon  is  referred  to  as  Hall's  phenomenon,  from  the 
name  of  ihcdisco>*erer.  We  shall  see  later  that  a  condiinor  eonvcyinjj  a 
airrent,  when  placed  in  a  magnetic  firhl,  experiencea  a  mechanical  force 
tending  to  move  it  at  right  angles  to  the  lines  of  force  of  the  field.    But 


Fio.<7S. 

this  effect  on  the  ffmlH^ter  convc>-iii|[  Ibc  cnireni  lauM  bo  carefully 
disiin^iilicd  from  ibe  Hall  effect,  which  tcfera  to  the  tvrrmt  in  the 
conductor. 

The  nuignitude  of  the  Hall  effect  a  excessively  uivill,  and  it  is  only 
with  very  strong  magnetic  fields  and  a  very  delicate  galvanometer  thai  il 
can  be  detected  at  all. 


CHAPTER  IX 


JOULES     LAW 

4S3.  Joule's  Law.— Wcbavccl«iuie<lthc£.MT.b«iwe«niwopnintft, 
A  and  />',  nn  »  condiictur  tlirou^li  wlucti  a  cutrmi  is  rtowini;  ai  being 
eqtia)  to  tlie  work  donv  in  ttuiuportiiig  llie  unit  <iuaiility  uT  dcciririty 
from  one  of  time  points  to  the  otllcr.  Wc  \i.aw  also  setti  thai,  if  A"  i» 
the  rcAiiunce  l)(-iween  tlie  points  and  C  is  the  current  p.ix«ing,  (he 
E.M.t".  bcl»-pcn  the  point*  n  given  by  ft'-  t'A',  Now  a  current  C  will 
imnijian  C  unii«  of  rlcctiidty  ]msi  each  piiini  of  the  conductOf  in  Ibe 
unit  pf  time,  hence  the  woik  done  in  a  »erond  in  diiving  tlie  curtvnt  from 
the  point  A  loihc  point  ^  U  i-ii'cn  by  ECq*  RC.C,  that  Jsi,  A'C.  If  the 
turrent  voniinucs  for  a  time  /,  the  work  done  will  be  repre*cnicd  by  the 
equation  IV-  /iOl.  Tlic  work  thus  done  appears  m  heal  developed  in 
the  conductor  through  wJiich  iho  current  is  flowing. 

In  order  to  get  the  aniouni  of  heat  developed  in  the  conductor  in 
tiicnnal  units  we  have  to  divide  this  tt suli  by  the  mechanical  equivnleni 
of  heat,  ihat  i*,  by  4-1'jx  lo'  (J  ;;o).  Hence  the  quiuility  of  heal,  ff, 
developed  in  a  wire  of  which  the  remittance  ix  R  c-X-i.  units  by  a  current 
of  C  e^j.  units  in  /  seconds  U  given  bf 
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4.19  X  lO- 
=a2387x  io"^"./?C*/ calorie*. 

If  the  eleclrical  quanttiies  are  nicasuiMl  in  ihe  praclicsT  mitt,  I 
cnrrcni  of  C  r.g.i.  imiis  is  c(|ual  ii>  10  C  ;tinpere^  and  a  reiisuan  of  JC* 
c.g.s.  units  i-s  e(|iinl  to  io"°A'  ohms,  tlie  heat  devtlopcd  in  a  conductor  of 
which  ihc  rWriWaoce  is  O  ohms,  by  a  current  of  .1  iimptres,  in  a  lime  / 
seconds  will  he  013387  OAV  calories.  The  work  done  in  one  second  by 
a  current  of  one  ampere  when  pasung  througli  a  reiiiiante  of  one  ohm, 
that  is,  when  pawing-  between  two  points  between  which  there  exists  a 
dilTerence  of  poienlial  of  one  voll,  is  lO'"  er^s,  or  in  thcniial  unili  o.z^%y 
calorics  and  is  called  a  joule. 

The  law  that  the  heat  d<A-eloped  in  a  conductor  is  proportional  to  the 
»iuanr  of  the  current  and  to  the  resistance  was  discovered  experimentally 
by  Joule  in  1841,  and  hence  is  Itncnvn  ns  Joule's  law. 

The  quantity  of  energy  which  becomes  con\Trird  into  heat  when  a 
given  current  flows  through  a  given  conductor  is  independent  of  the  dircc- 
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tioii  in  which  lh«  current  flows,  for,  ai  the  current  itlwayt  flows  from  the 
point  at  tho  higher  patcnTial  to  the  point  at  the  lower  potential,  if  ire 
reveiM  the  direction  tn  nliiiih  ilic  current  if  tlowinj;,  this  nieaiit  thai  wc 
have  reve reed  the  direction  in  wliiih  the  E,M.F.  i&  acting; :  and  mocc  the 
resitktjuice  of  u  conJoctor  is  independent  of  the  dit«ctiOQ  in  which  the 
current  i»  flowing,  the  eoniliiioiii,  as  far  m  the  »«rk  done  by  the  current 
and  hence  the  heat  developed,  are  exactly  the  same  when  the  current  \\ 
rei'crwd  as  they  were  before.  Thus  the  passage  of  a  current  ihTQUfth  a 
conductor  of  5ni<c  resistance  is  always  accompanied  by  the  converuon  of 
a  ddinile  quantity  of  electrical  energy  iitto  the  form  of  heat.  Siiic«  when 
iIm  current  is  reversed  the  converkion  into  heal  continues  al  the  same 
rale  as  before  this  cooi-er^ion  of  elvctiiatl  energy  into  heat,  when  a 
current  passes  through  a  cuniluclor,  is  an  irreversible  process.  As  we 
»h«ll  tec  later,  there  are  conditions  ander  nhich  heat  ilcveloped  at  a 
KJvcn  point  due  lo  the  passage  of  a  current  is  a  reversible  process,  so  that 
on  re^-crsiii^  the  current  heat  is  ninv  absorbed  at  the  point ;  in  the  caie  of 
heat  developed  according  to  Joule's  law,  however,  this  is  never  ihc  case. 
Since  in  many  cases  the  heat  produced  accoidin);  to  Joule's  bw  is 
simply  a  nasie  of  energy,  it  i*  tinporunt  to  reduce  it  to  a  minimutn. 
This  can  be  done,  if  we  Buppo%c  that  a  gi\cn  cuireiit  h»s  to  \<  ttans- 
milted,  by  rcductnt;  the  resistance  of  the  conduclintc  wires.  Since,  as  we 
have  seen,  the  resistance  of  a  pure  Uielal  at  the  absolute  irm  appears  to 
be  i«ro,  a  current  coiiM  be  passed  thiouifh  such  a  conductor  at  the 
abstiluio  icro  viithoiit  the  production  of  any  heat  and  the  •ronstqueni  Iom 
of  Bictlrical  eiioii;/. 

494.  The  Hechanical  Equivalent  of  Heat  derived  rrom  Electrical 
Experiments.— Since  the  heat  developed  by  a  current  of  ./  ampere*  in 
a  wire  of  resistance  O  ohms,  in  a  time  /  seconds,  is  equal  to  OA*ti^  to* 
ergs  or  OA'^lx  xo'J  calorics,  where y  is  the  value  of  Joule's  equivalent, 
if  we  trKasare  the  heat  developed  by  means  of  a  calorimeter,  and  aUo  the 
current  .-(  and  the  reslsiancc  O  of  the  wire,  or,  what  come*  to  llie  ume 
thing,  the  E-M-F*.  between  the  ends  of  the  wire,  we  can  at  oiic«  calculate 
the  value  of  J.  A  most  careful  determination  of  the  xalue  of  J  b>'  this 
method  has  been  carried  out  by  GrilTiths.  His  appuratut  consisted  of  a 
coil  of  platinum  wire  through  which  the  cuirenl  could  be  paiscd,  and 
which  bad  two  wires  attached, so  that  llie  diflerencc  o(  potential  hclwcen 
the  ends  of  the  coil  could  be  compared  with  the  E.M.F.  of  a  standard 
Clarlc  cell  (SS54).bythe  method  given  in  %  49a  Tbb  mil  was  contained 
inside  a  closed  calorimeter,  which  was  itself  placed  inside  a  lar|[e  steel 
cbamber,  the  spa<je  beim-en  the  ouiside  of  tlie  calorimeter  and  the  walk 
of  this  vessel  bcinj;  exhausted  of  air  so  as  to  reduce  the  loss  of  beat  diM 
lo  convectioiL  Thccalorimetercontained,  in  addition  to  ibi;  coil,  a  slirrer, 
whKh  was  rotated  at  a  high  speed,  so  as  to  insure  the  water  inside  bein; 
iboTOUghly  well  mixed.  The  temperature  of  the  water  in  ilie  uilorimeter  | 
vras  measured  with  a  platinum  thermometer,  and  tlie  resiitanoe  of  the 


N 


712  Magnftism  and  EUctridty  \^  495 

CMlaidtflierent  tempcraiuics  «jis()cIcmimcd,soihi(i.  knoninj;  tbc  E.M.F. 
between  the  tcqiiinula  and  lh«  tcmprrnliirc,  the  trvistaci'r  of  ihe  (timI 
and  ihc  rate  ai  which  heat  was  bvin^  developed  b>'  ihe  cuiTcnl  cxNild  be 
okiiliitcd.  A  certain  amount  of  htat  was  aJso  dc\-cli>ped  by  the  iHctiiw 
of  the  slirrer  ft^iiift  the  waim.  The  nmount  of  heal  thtu  developed  at 
different  rates  of  stirring  was  deicmiincd  by  nukini;  obscivatioDs  of  the 
tiM  in  teniper>iture  til  the  calorimeter,  due  to  the  ciirrinf;  alone,  when  no 
current  was  jmisinK  through  the  coiL  Tlio  water  value  of  the  cidoritneter 
and  of  the  stirrer  ami  i-ml  was  detertnined  by  making  experiments  with 
various  <iuaniities  of  water  in  the  calorimeter. 

As  hiH  be«n  jfivcn  nlrradr,  Ihc  value  obtained  for  the  mechanical 
equivalent  of  heat  was  n^M^o-Kicf  erj^  per  calories  TTie  accuncy  of 
ibii  value  depends,  of  cwirse,  on  the  accuracy  with  which  the  values  of  the 
electrical  quuniilies  arc  known  in  terms  of  (he  fundainrniat  units. 

496.  Tho  InoandVSOtlit  Elwtric  Lamp.— The  heat  developed  in  a 
conductor  by  the  passa^'e  of  an  elect  ric  curreoi  is  made  use  of  In  the  electric 
incandeMxnt  lamp.  The  niudeni  fonii  of  lamp  consists  of  a  fine  carbon 
filament  enclosed  in  n  rU"  globe  fruiu  which  the  air  has  been  cxhautled. 
The  resistance  of  a  carbon  fil.-imcnt  being  fairly  great,  the  heal  developed 
n  luRicicnt  to  raii«  the  icmperaiure  to  such  a  point  that  the  filament 
glows  with  a  brishi  white  lighL 

The  energy  which  becomes  converted  from  the  elecirical  (brm  in  the 
filament  is  partly  given  out  from  the  lamp  in  the  form  of  light  and  partly 
as  heat.  The  object  of  the  lamp-maker  is  to  produce  a  lamp  in  whicli 
the  proportion  of  the  cnetRy  used  up  to  produce  heat,  and  which  as  far 
as  the  produaion  of  light  is  concerned  is  compiciely  wasted,  is  reduced  to 
a  iiiiniiiium.  It  is  found  that  ibc  cnrrgy  which  has  lo  be  supplied  to  a 
lamp  in  order  tu  produce  a  li^hi  of  one  candle-power  decreases  as  the 
temperature  of  ihc  filament  is  increased,  so  that  fruin  this  point  of  view  il 
is  an  advantage  to  run  the  lamps  as  bright  ai  possible.  It  is,  howcvcir, 
found  that  when  the  temperature  is  raised  alMve  a  certain  point  (lie 
Ulament  soon  git'cs  way,  so  that  the  life  of  the  lamp  is  short.  The 
resistance  of  the  filnmcnl  of  the  lamp  is  adjusted  so  that  wbi-n  the 
E.M.F.  between  the  ends  of  the  filament  has  a  certain  definite  value,  such 
ai  ino  volts  or  loo  volts,  ihc  current  uhich  p.isses,  according  to  Ohni'i 
law,  will  miKC  the  temperature  of  llie  filament  to  the  greatest  ^'alue  which 
wilt  not  endanger  its  life.  With  most  of  the  incandescent  lamps  of  good 
make  the  energy  consumed  to  produce  a  light  of  one  candle-power  is 
about  four  walls,  or,  since  one  watt  is  equal  to  lo'  ergs  per  secor)d,  is 
about  4X  10'  ergs  per  second. 

The  number  nf  walls  required  per  candle-power  increases  very  rapidly 
as  the  E.M.F.  between  the  ends  of  the  filament  is  reduced  lielow  the  value 
lor  which  the  lamp  U  intended,  so  that  it  is  very  wasteful  10  run  the  lamps 
at  a  tow  voltage,  although  by  this  means  the  life  of  tlie  filament  may  be 
increased. 
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49S.  The  Arc  Lam  p.— Another  »ourc«  of  light  which  depMtdi  on 
the  cotivenion  of  elcclric  cnerjj/  inlci  light  is  ihc  arc  l.-imp.  When  two 
iixis,  composed  of  the  cariKin  >iliicli  is  depoaiied  in«i<l<!  iho  retort*  UMd 
in  the  m.^nufacrlurc  of  iltiiniinAtiii^;  gna,  connrcit'd  lo  two  conductors 
which  are  nt  it  ditfcrentc  of  poicmi^I  of  about  60  volls,  aro  firit  brought 
into  contact  and  are  llien  gradiMlly  scpat^tcd  for  a  short  difrunce  the 
current  coiiiinucs  to  pass,  and  wli«rv  it  crua^L's  il)c  air  spacv  between  ihc 
CArbon  rods  an  intense  light  is  emitted.  Thi*  arrangcmeiil  conslittiles 
an  electric  arc,  and  ti  i.s  found  that  the  carbon  rod  which  is  at  The  higher 
potential,  that  is,  from  which  the  current  goc«,  a  eaten  away  mote 
rapidly  than  the  other  c<irl>on.  If  »n  image  of  rhe  arc  11  projected  on  a 
Kteen,it  i*  seen  thai  the  carbon  *hich  il  al  the  higher  potential,  ibe 
pMiilve  carbon  a«  it  \s  usually  called,  \%  worn  slightly  hollow,  and  lltat 
the  (greater  pruportiuii  of  the  ti^hl  is  cmiiied  from  this  hollow,  wliicli  is 
called  Ibe  cwier  of  the  arc.  Tlie  end  of  the  negative  cafbon,  i.t.  ilial  at 
the  lower  potential,  becomes  worn  to  tomewhat  of  a  point  In  order  10 
allow  for  the  weatinj;  awny  of  the  carbon  rodi,  ihcy  arc  held  in  an 
arraagcmcnl  by  which  they  are  aiilomntic.illy  hrim(;hl  nearer  toj<cllier  as 
the  ends  wear  away,  so  that  the  len^ilt  of  the  arc  is  maintained  cviR»unt, 
If  by  clianc«  ili«  diftance  between  the  carbons  becomes  too  grtat  the 
current  will  ccaie  to  pas*,  and  the  arc  cannot  again  be  started  till  the 
carbons  ate  brought  inio  contact  and  then  separated.  Hence  the  lamp 
is  filled  whh  an  electrical  arrangcmeni  by  which,  directly  the  ctineni 
txaMA,  the  rods  arc  Jir«I  brou):lit  together,  and  Ihcn,  when  ihe  ciirrcni 
paaon,  are  asain  separated  10  tlie  correct  distance. 

An  ordinary-  arc  requires  about  one  wan  for  each  candle-power 
produce*!,  so  ibat  the  energy  consumed  in  order  10  prtxluce  a  given 
quantity  of  light  by  means  of  an  arc  is  much  less  than  is  required  when 
incandescent  lamps  are  used. 

487.  The  Electric  Funrnoe.  —  Tlie  temperature  of  the  arc  is 
extremely  Iiigh,  ii  lusing  hern  estimated  to  be  about  Sooo'  C,  and  this 
high  temperature  ha;  been  ulilibcd  for  melting  refntciorj'  substances 
and  for  conducting  clieiiiical  processes  whicli  require  a  very  high 
lem|)etature. 

'Die  funti  of  elecinc  fiimace  used  by  Molisan  on  hit  important 
researches  at  high  temperatures  rnntists  of  a  block  of  lime  or  fireclay 
ihmtigh  which  paw  two  thick  rikls  of  carbor,  which  act  as  electrode*  (or 
■tie  supply  of  the  current.  The  arc  is  formed  between  ihc  ends  of  ihese 
nxts  jusi  above  Ihe  substance  which  is  to  be  lieaied,  vrhich  is  contained 
in  a  siruill  crucible  placed  in  a  cavity  cut  in  ihe  block  of  lime. 


PART  IV.— THERMO-ELECTRICITY 

CHAPTER   X 

TltERMO-BLECTRIClTY 

408.  Thermo- Electric  Junction. -In  iSil,  while  makinj;  experi- 
ment on  (he  (lilT(:r<-ni'c  of  poleotial  which  nppcan  lo  cxIm  bct«'«cn  I«o 
diflcreni  metals  when  plncetl  in  conwti  (»«  ^  545),  Scc-Vck  mnited  ihal 
if  a  ciccuii  is  lormeii  which  i«  c<vnpotcd  of  iwo  aires  ot  diflfcr^ni  mcculs 
jomcJ  iogclh<T  ai  ihcir  ondi,  and  if  the  junction*  arc  at  differcnl 
temperatures,  n  rurrent  wi  1  in  general  be  prodHted  in  ihc  circuit.  Thus 
if  two  copper  wire*,  which  arc  connecictl  to  the  tcrniiiiRlt  of  a  ga\- 
rsaomcter,  are  eonneeiwi  at  ihcir  other  end*  to  a  piece  of  iron  wia", 
and  one  of  the  junclions  of  the  topper  and  iron  is  healed,  a  current  vtill 
be  iiidi(!ated  bj-  ihc  defletiion  of  the  ualvunoinclcr.  The  direction  of 
the  airrcnt  »-lll  be  from  tht-  h((t  lo  the  cold  junction  in  ihc  iron.  Thi* 
current  ii  s.-iid  to  be  a  thermo-electric  current. 

If,  whiic  the  cold  jiinciion  i»  Itcpi  ai  a  connLmt  tempcraiure.  the 
icmpcntinre  of  the  hoi  juiKiion  is  gradually  raii^ed,  the  current  in  the 
circuit  will  gradualljr  increase  up  to  a  certain  point,  this  icmperuiure 
b«nK  called  the  neutral  point  for  the  two  given  nieiala.  If  the  teni* 
pcrature  of  the  hot  junction  is  raised  above  the  neutral  point  the  current 
in  ihn  circuit  will  dccrcaic,  til!,  when  the  (cniperftiurc  of  the  hot  junction 
is  AS  much  above  the  nputr^l  point  a*  ihat  of  the  cold  junction  is  below, 
there  will  be  no  current  in  the  cirruii ;  while  if  the  leinperiitun:  of  the 
hot  junction  is  yet  further  raised,  the  direction  of  the  current  will  be 
rcvenicd. 

It  i»  poiiible  lo  arrange  the  tnelal*  in  a  series  such  that  if  "ire*  of 
any  tn-o  of  thcin  arc  joined  together  lo  form  a  rirriiit,  and  one  of  the 
juuclioui  it  hcilcd,  the  thcnno-tlectric  current  nill  in  the  first  rnctal  on 
the  lUt  go  from  the  hot  junction  to  the  cold,  it  hcinj!  supposed  that  the 
mean  lonpcraiure  of  the  hot  and  cold  junctions  has  some  given  mine. 
The  following  is  s\ich  a  ihcrmo-cleciric  series  for  a  mean  temperature 
of  about  $0°  C. :  aniimony,  iron,  linc,  siK-er,  tin.  topper,  bismuth.  Of 
course  the  order  of  the  metals  wi'l  vary  with  the  temperature,  for  the 
neutral  temperature  for  some  of  ihe  cambinationi  is  quite  low,  and  the 
neutral  pointi  for  the  dilTerent  combinaiioni  var>'  very  much. 
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499.  Thermo'Eleclrlc  Power  and  Thermo-Electrlo  Diagrams.— 
If  wc  lake  some  metal  as  a  sliiiid.inl— l^Ad  is  the  one  uhiially  lakcn^ 
and  form  ft  ihermo-eieciric  ciniplc  lielwecii  tliiii  iiieuil  and  aiiuiher,  aiid 


aODO 


Z 


tc 
o 


1000 


ii:i:E:::i:::::::::: 


'-1OOO 


-zmo 


•  let'      -loo*         0  100'        Ko' 

TEMPERATURE 


300* 


40*' C 


attach  »  knd  wire  to  the  other  end  of  thi*  lecond  meUit,  then,  !f  whUt , 
the  temperature  of  one  of  itie  lead-mettU  jitnctioiM  h  kept  roiiMani,  *if'i 
u  o*  Cl,  ih«  tempciulure  of  the  Mher  janctkiin  n  nUed  to  dilTercrrtj 
temperatures,  theic  will  be  prodticed  a  diffirrencv  of  potential  bciwcuiJ 
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ihe  tm  oid»  of  the  k^d  »irc».  Tlii*  difference  of  pntcniul  is  ibc 
tbenTi(M;lec'tnc  E.M.K.  due  lo  tl»e  lempeiaiure  difference  bduern  iltc 
hot  and  cold  junctioni.  If  a  senes  ol  ineataicnKnili  of  this  tlKTiDO- 
dectric  lu.M.F.  \*  made  tot  difl«renl  tetnperaiurcs  of  ihc  boi  junction, 
that  of  ihc  cold  junclMt)  being  kept  caniiani  aX  o*  C,  and  the  results  art 
pkxted  an  n  curve,  ihe  iciRpenttam  of  ihc  hot  jiinninn  bcin^  taken  x% 
ftbscisBC  and  the  corrctponding  E-M.F.'»  as  ordJnittes,  a  curve  af  the 
form  of  ihcne  »hown  in  Fig.  476  will  be  obtained.  T1i«!m  curves  Tepre* 
sent  the  iheimo>el«cinc  E.M.F.'s  <A  ttotne  metals  taken  irtth  reference  to 
tead  in  terms  of  micruiuJis,  r>.  lo"*  volts,  «nd  degree*  Centigrade 

Since  in  e.ich  t^uc  the  temperature  of  the  one  junction  i<^  kept 
consunt  at  o'  C,  uiid  that  when  the  tcmpemiiircji  ot  the  two  jimctions 
are  the  same  the  ihermo'eleciric  E.M.F,  is  tcro,  aH  the  carves  must  paw 
through  the  origin  of  co-ordinates.  The  lemperalure*  at  which  tbv 
curve*  have  a  boritontal  t.-inKi:nt,  that  iit.  when  the  E.KLF.  ■«  a  maxiiiiuiii 
in  one  dim-lion  or  the  other,  is  the  neutral  tcin|>emiure  for  the  given 
mcial  lAken  with  reference  to  lend.  Thus  the  temperature  of  the  neutral 
point  for  a  platinum-lciid  couple  i&  -  tjo',  and  that  for  a  linc^lead  couple 
is  -too'. 

It  is  found  tliat  the  curve  showing  the  relaUon  between  the  themto- 
ekciric  E.M.F.,  £',  and  the  temperature, /,  of  the  hot  junction,  the  other 
junction  being  at  o*,  \»  approxiinatcly  a  parabola.  Hence,  litvcc  the 
equation  of  a  parabola  can  be  written  in  the  form 

where  <t  and  b  are  constanis,  the  rdallon  between  the  thermo-electric 
E.M.K.  and  the  temperature  can  be  expressed  by  a  formula  of  the  form 

where  the  values  of  it  and  i  depend  on  the  nature  of  the  metal.  Those 
who  ate  acquainted  with  analytical  geometry  will  M>e  ihal  the  maximum 
value  of  E  occurs  when  /  is  equal  to  -o/.  Hi^iice  there  cxi«!s  the 
following  relations  between  the  constnnii  a  and  b.  ilie  neutral  tempera- 
ture /',  and  the  E.M.F,  E"  of  the  junction,  when  one  junction  is  at  o'  and 
the  other  is  at  the  neutral  tcnipcmiurc— 


In  the  following  tabic  the  values  of  the  cocfScienlt  a  and  J  for  a  few 
metals  arc  given.  I'bc  sign  of  a  is  such  thai  when  at  the  bot  junction 
the  current  passes  from  lead  to  the  given  metal  a  is  poi>iiivc,  or,  in  other 
words,  when  a  is  positive  the  current  llows  in  the  metal  considered  from 
the  hot  junction  lo  the  cold.    The  values  of  the  constants  ara  so  choeen 


i499) 


TAt  Thtrtno-Eiectru  Diagram 


717 


that  if  /  is  measured  in  dcgreet  CcDtigpnutc  the  ihcnno-«1«ctr(i-moiive 
force  u  given  in  microvolis,  that  is,  in  lo""  rolls. 
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Suppose  Uiat  Uic  tliemio-electric  E.M.F.  bets'een  a  given  metal.  A,  and 
\r.siA.  wlirn  tlie  cold  junction  is  al  o'  and  (be  hoi  junction  i«  at  a  lempem- 
ture  /,  a  K,  then  we  liavc  teen  lliat 

SiipixMi  nov-  that  the  temperature  of  the  hoi  jimciinn  i»  rai»cd  through 
«  onnll  tnicrvnt  if,  m  thai  il  becomes  / 1  if,  then,  if  ihc  new  value  of  E  is 
called  f+J^,  mhave 

or,  Mncc  I1)-  mppmitioD  &  i*  very  mtall,  «-e  irtny  neglect  the  term  whirh 
involves  the  jirodtict  of  ihe  sqiiarr  of  ihi«  vrr^'un.ill  ijuaniily  into  fi,  which, 
t»  will  be  set-n  from  ihc  table,  h  itself  Hiull.     Hence 

£ *&E-'af+-  1 1  ait+ilS/. 

1 

tf  now  wesubiraci  ilie  value  of  the  E.M.F.  at /from  that  at  t+dt,mtgn 

That  iii,  an  incrcas«,  if,  in  the  temperature  of  ilie  hot  junction  produces 
an  increase  of  Sf*  or  iMlir+^rii/ in  the  E.M.F.  Now  ihe  ratio  of  the  increase 
in  the  E.M.K.  producnd  by  a  smait  rite  in  the  lemperatuic  of  the  hot 
juncti'Mi  10  ihil  incrensc  in  Icinpcriturr.,  or,  in  other  word^  the  rale  of 
incieai*  of  E.M.F.  wiih  temperature,  is  called  the  Ikfrmo-tUarii  fitrKtr 
of  vhc  metal  A  nith  respect  to  lead  at  the  temperature  /.  If  Q  is  the 
tbermu-electric  power,  then 

This  expresMon  ihows  that  the  thermo-electric  power  \-ar>e»  as  the  first 
power  of  the  temperature,  >o  t)ut  if  a  curve  is  drawn  *uch  that  the 
ftlMCisiiC  arc  tempcrsiurci  and  the  ordinate*  are  the  correiponding  valuci 
of  11m  lhermo-cl«^:ir)c  power,  thin  CHtve  will  be  a  Mmight  line.  This  ts 
at  once  (v  ideni  if  the  constant  term  «  is  subtracted,  which  is  equirakni 
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to  dccr«*sin)f  all  iho  oniinatca  \tf  ihi:  saute  ainouni.  nlien  th«  new  ncdi- 
nslc*  will  be  h  limes  iho  c<Kivi{Mn(lin{;  abicisKc,  thai  ii,  ihc  mdinam 
are  directly  pru^rtional  lo  tlie  absciuic,  and  henice  the  mitve  inusi  be  3 
siMiglii  line. 

Ill  Fi;;.  477  tbe  liiut*  (bowing  the  cnnitcctinn  b«Iwcm  the  themio- 
ctectric  power  and  th«  temperature  are  given.  Such  a  «crie*  ofcnivet 
u  called  a  thermo-electric  diagram,  and  frcni  it  wc  <-iin  deduce  ihc 
dTfTcrenl  ihcnna-clcclric  prupeilie*  of  various  cornbi nations  of  itieials. 

Ih^forr  considering  ihii  di^Kiarn  in  detail,  wc  wnxv.  consitlcr  two  ta«« 
whirh  have  been  found  bj-  cxpcTiinent  to  hold  in  all  thermo-clccirir 
circuits.  The  first  of  these  is  llial  if  A'l  is  the  K-M.P.  aaint;  lonnd  a 
circuit  coinpoied  of  two  metaU  ulicn  the  tcmpcniiure  of  ihr  cold  junction 
b  /,  and  Ihat  of  ihc  hot  junction  ii  /^  and  if,  it  the  ICM.r.  when  ibe 
leinper;ittire  of  the  cold  junclioR  ii  /,  and  that  nf  ibc  hot  jimctioo  Ji  t^ 
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then  tlie  K.M.r.  when  the  temperature  of  the  cold  junctinn  ii  /,  and  that 
of  the  hot  juntlion  is /,  will  be  i*| +  /f,.  Hut  wc  have  seen  that  if  the 
teflipcraturc  of  ihc  hot  junction  is  increased  liy  S/ihc  K.M.K.  ii  incrcawd 
b>'  Qtt,  where  Q  Is  the  thermo-clpcirir  power  al  llio  temperature  /. 
Hence  ihe  E.M.F.,  when  ihc  ti-mpcraturc  of  the  hot  junction  is  /,  will  be 
ihe  sum  of  the  quaiiiiiiet  obtained  by  multiplying  the  values  of  Q  for 
each  inlen*al  R/,  starling  at  ihe  lempcratiire  of  the  cold  junction,  by  the 
intciral  and  cominiiing  ihc  proccis  up  to  the  lenipeniiiire  /. 

The  second  law  is  that  if  wc  have  a  circuit  containing  three  metal*,  A, 
Ii,  and  C,  an<l  keep  the  jiinciions  liC  and  CA  both  al  the  uuiic  tempera- 
lute,  /|,  while  ihc  jiinclion  Alt  n  kept  at  ihe  Irmpcraiurc  f^  then  th« 
E.M.r.  aciint:  in  the  ciniiit  will  be  ihc  same  »%  tliai  uhich  would  exin 
in  a  circuit  composed  of  the  metals  A  and  B  alone,  in  which  one  junction 
was  kept  at  the  temperature  /,  and  llic  other  at  /,.    Thus  lh«  intnr- 


5499) 


The  Thtrnto-EUctrif  Diagram 


7.9 


position  uf  oae  or  more  hilennediate  metab,  so  Iodh  as  Ihe  junction*  at 
«ach  end  of  each  of  Oiesc  addiiional  mcinls  arc  iit  the  lamc  Irjiiperaiar^ 
lus  no  iniiiiencc  on  ihc  ihcrmo-elecirk  E.M.F.  do-clopcd  tiy  the  other 
two  ntctals  when  their  junrtion  is  ni  h  given  tcmpemiurc  above  or  below 
ih,tt  of  all  ihe  other  junctions. 

Ketumini*  (•■  the  ihetmo-dtagram,  since  ii  is  drawn  for  the  difTcTcat 
ine(»ls  Willi  respect  10  lead,  the  axis  of  temperaiaren  will  represent  the 
Ihenno-eleciric  line  for  ihi*  meia!.  The  point  where  the  line  for  any 
metal  cuts  the  line  for  any  other  metal  corresponds  to  the  neutral  point 
for  these  two  mcials ;  ihut  from  the  diagiam  the  tcmpcmiiitc  of  the 
neutral  point  can  immediately  bo  re«d  oiT. 

In  order  to  lind  from  the  diagram  the  thermo-electric  F..M.F.  de- 
veloped ia  a  circuit,  say  a\  copper  and  iron,  when  the  cold  junction  is  ai 
a  leinpcraiure  of  ao'  and  the  hot  junction  is  at  100',  we  draw  the  ordi- 
nales  correspond  ins  '"  ilie  temperatures  10'  and  100*.  Then  the  lliermo- 
electric  power  of  ihc  junction  nt  no"  is  jjiven  by  the  difference  of  the 
ordinaies  of  the 
iron  and  copper 
fines,  Uuu  is,  hy  (he 
length  a*  (f  1^.478) 
If  the  trmpcmiure 
of  the  hot  junc- 
tion ■'ere  30  +  ht, 
die  E.M.F.  actinjr 
would  be  £>S/,  where 
(i  is  the  tlieimo- 
electric  power  of 
■  he  rombinalion  at 

a  ic.-mpcraiure  /.  But  (^  11  (he  arm  of  the  (mall  strip  enclosed  between 
the  iron  and  copper  lines  and  the  nidinaiet  (or  the  tempera  lure*  I  aiMl 
/+  fi/,  1I1AI  is,  tlw  small  strip  shaded  in  the  figure.  Ne»t.  if  the  lernpera- 
lurcof  tliccoM  jimction  were/-  0/,  and  that  of  the  hot /+l3/,the  E-M.K., 
in  the  aame  wjiy,  would  be  represented  by  the  area  of  the  strip  between 
Ibe  iron  and  copper  tinet  and  the  onlinates  correspondinK  lo  the  tem- 
perature* l\ht  and  /+  i3/,  and  wi  on.  Hut  by  the  law  given  above  the 
E.M.F.,  when  the  temperature!  of  the  junctions  are  the  kimc  aa  lh« 
extreme  lcmpcr;>liires  considered  in  these  small  Ueps  will  be  the  saiiw 
as  (he  siHn  of  the  E.M  F.'s  in  the  steps.  Hence  the  E.M.I-'.,  when  the 
junctions  are  bi  the  temperature*  /,  and  /^  will  be  represented  by  the 
sum  of  all  the  small  strips  similar  lu  i\b,  that  is,  will  be  represented  by 
the  area  «Av/  Since  this  figure  is  a  irapeiium,  its  area  U  given  by 
i/Ji(ii^2*^i)  ;  that  is,  the  E.M.F.  acting  will  he  equal  to 

tC,  - 'iXfli  +  Gs)'a. 
I  and  Qj  are  the  tbermo-elpciric  powers  of  the  two  meiab 
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the  Kfnpcraiurcs  /|  and  j^  In  ttie  example  taken,  n-c  ^t  in  tbi«  va^ 
from  ihc  curve  £— (ioo-m>){9.i+3.9)'2  — 524  microvolis.  If  Uie  lines 
of  ibe  ineiaU  i»tcnect  between  iIm:  ordinaies  coirc^pooding  to  the  two 
lem|>eniiurc»,  tlial  \*,  if  (he  neutral  point  i*  included  between  thcu 
iem|)et:itiirc&,  ibe  areas  on  tlie  two  ^ide*  of  iIm  iiucnection  tnun  be 
subtracted  ooe  from  tbe  other  to  give  ibe  E.M.F. 

SOO*.  The  Peltier  Effect— The  Thomson  EffML— In  »  thenno- 
clecitic  circuit  of  which  the  junctions  are  at  different  temperature^  there 
is  a  current  flowing  ;  nnd  «x  have  teen  in  S  493  ibal  the  pajuge  of  a 
current  through  a  conductor  involves  the  expenditure  of  some  cnicrjcj-, 
whkli  appears  as  heal,  accoiding  to  Joule's  law.  The  qucxtion  now 
arises  in  what  niauncr  the  cneigy  nec«s»ary  fur  the  maintenance  of 
IIk  cunenl  in  the  ihenno-electiic  circuit  is  mpplied.  l*his  qucsiioo  is 
answered  by  a  discovery  made  in  1634  by  I'eluer,  who  found  thut  when 
nn  rleciric  current  i*  pasted  ttirDU];h  a  thcnno- electric  junction,  i^.  a 
junction  of  two  different  meuK  there  will  be  cither  a  devdopinent  0* 
hc.11  at  the  junction  or  an  absorption,  according  to  the  direction  in  which 
the  ciiriem  is  parsed. 

The  Peltier  eflect  diflera  from  the  Joule  heating  already  considereti 
in  that  while  the  Joule  heating  is  proportional  10  the  square  tti  the 
current,  and  i«  independent  of  the  direction  of  the  current,  the  heat 
developed  ai  a  junction  of  two  nieiaU  is  proportional  to  the  lint  power 
of  the  current,  and  depends  on  the  direction  of  the  current. 

1'be  IVltier  eflcci  can  be  shown,  and  its  macniiude  measured  b)- 
nieans  of  the  apparatus  shown  in  Fig.  479.     It  coniisti  of  mo  glass 

bulb*,  M  and  X,  which  are  con- 
nected together  hy  a  narrow  tube, 
in  which  a  small  drop  of  liquid 
is  placed  to  ser^'C  as  an  index. 
A,  A,  and  B  are  rods  of  two  mcL-iU 
K  which  pass  through  corks  which 
fit  air-lighl  in  the  lubulure^  of 
the  bulbs,  in  tuch  a  way  that  the 
junctions  av  and  w  are  at  the 
centres  of  the  biilb«.  The  portions 
of  the  rods  A  and  U  witliin  the 
two  bulbt  are  of  the  same  site, 
tesisiance,  &c.,  and  the  bulbs  are 
also  of  the  same  site ;  thus  the 
development  of  heat  aecordinR  to  Joule's  law  is  the  same  in  both, 
so  that,  as  far  as  ihix  source  of  heat  is  concerned,  the  air  in  the  Iu<o 
bulbi  becomes  etiiiaily  warmed,  anil  hence  the  prcMute  is  ihc  snme  in 
both  of  them,  and  the  index  does  not  tend  to  mo>'e  in  cither  direction. 
The  Peltier  elTrrt  will,  however,  be  different  in  the  two  biilhs,  for  white 
in  ono  the  current  wilt  b«  passing  at  the  JunciioB  from  (he  metal  A  to  19^ 


Is«>] 


Tkt  PtlHer  Effect 


ni 


al  iliCM)i«r  jWKlion  it  will  be  pftMinj;  from  B  to  a.  Hcnc*  while  h«it 
irill  bo  dei'clojicd  at  on«  Junction,  and  the  air  in  tlie  bulb  will  bt  Ii«atc<) 
and  its  pre»siti«  tncKasted,  at  the  other  junction  heat  will  be  absorbed, 
and  therefore  the  air  will  on  this  account  be  cooled  and  itt  preuiiirv 
decrea»cd,  cau-tin);  the  litiuid  index  lo  moi'e  tnwartU  the  junction  where 
the  h<int  \s  absorhrd.  If  the  mclal  A  i«  copper  and  B  is  iron,  the  current 
bcin>;  p.iMed  in  the  tiiipction  from  copper  to  iron  at  the  junction  m, 
th«ii  beat  u'ill  be  absorbed  at  m  and  prodticed  at  w.  On  reversing;  the 
direction  of  the  current,  the  direction  in  which  the  index  inovca  will  also 
be  rei-ened. 

In  the  following  table  the  magniiudc  of  the  I'cliier  effect  for  some 
inctnl«  i«  given.  The  current  is  supposed  lo  pR»  from  copper  to  the 
metal  mentioned  in  the  first  column,  and  in  the  tcrond  cnlumti  is  ;;iven 
the  quantity  of  heat  liberated  by  one  ampere  in  one  second  at  ih< 
junction,  exprased  in  calories. 


Peltier  Ei-fect. 


I 


MelaL 

Caloriei  per  Coulamb, 

Iron       ,        .        ,        . 

Plaiiiiuni 

Silver    .        .        .        , 

Zinc      .... 

Nidtel  .... 

-  1.7x10-' 
+    0^9  X  lO"* 

-  1.1  X  10"' 

-  1.6x10-' 
+  12.IXI0"* 

Now  let  lis  oonnider  a  (henno-elcctric  circuit  compoMd  of  iron  and 
copper,  and  s^uppose  ibat  one  of  the  junctions  is  immersed  in  a  mixture 
of  ice  and  water,  while  the  other  junction  i»  placed  in  a  beaker  of  water 
at  a  temperature  /.  Then  we  know  that  a  current  will  l^ow.ibe  direction 
of  which  at  the  hoi  junction  will  be  frnm  the  capper  to  the  iron,  while  at 
ibe  cold  junction  it  witl  be  flnwini;  frnm  the  iron  to  the  copper.  Now 
when  a  current  flows  from  copper  to  iron  there  is,  according  to  Peltier's 
observation,  an  absorption  of  heat,  while  when  a  current  flows  from  iron 
to  copper  there  Is  a  li1>eration  of  heal.  Hence  in  our  example  there  will 
be  an  abiorpiiun  of  heat  at  the  hot  jianciion,  which  will  be  »upplied  from 
the  heal  of  the  hoi  water,  while  there  will  be  a  liberation  of  heal  at  the 
coM  junction,  which  will  melt  some  of  the  ice-  We  thus  ««  that  the 
production  of  a  lliermo-electric  current  is  accompanied  by  a  transfer  of 
heat  from  the  source  which  is  used  lo  maintain  the  temperature  tA  Ihe 
hot  junction  to  the  refiigeralor  nsed  lo  cool  tli«  cold  Jtmciion.  If  then 
the  heat  given  up  to  the  refn(rerator,  or  the  condenier,  ai  we  may  call  it 
from  the  analoto'  wiih  the  thermal  oifcinet  considered  in  the  sections  or 
thermo-dynamics,  is  lew  than  the  quantity  absorbed  from  the  source  Iqf 
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the  ivmouni  of  hut  developed  in  iIk  cJTtuU  accoidint;  to  Joule's  Uw,  the 
mainiciuncc  of  ihc  citircni  is  at  onc«  accounted  for.  We  «iv  tlnu*  led 
lo  loo);  upon  a  ilictmu'ekct  tic  circnil  ab  an  onliiury  twjit  engine  la  vliicb 
a  certain  ({luniity  of  Iwut  is  taken  in  at  n  given  temperature;  lume  t£ 
thit  h<-B[  used  up  !>>'  the  enftinc  in  thii  caM  is  first  convened  into 
electric  energy,  and  then  reconverted  into  heal,  .icrordiiiK  to  Joule's  law, 
but,  at  we  shall  see  Uicr,  mij;hl  in  pvl  si  )ea»l  lie  convcrlei!  into 
mecbamcal  »-orlt,  while  the  renwindei  of  the  lieat  tukcii  from  the  soufce 
Is  Kiven  out  to  a  condenser  whicli  must  be  at  a  lo«-cr  temperature  ilun 
the  source. 

In  iiddition,  a  certain  ainounl  of  beat  will  pass  frotn  lite  source  \a 
Ibc  lefrij^ratDr  by  ronduction  along  the  nlret  whicli  form  the  circinL 
Now  of  these  three  thermal  processes  two,  namely,  llw  beat  developed, 
according:  to  Joulc'f  law,  nncl  the  heal  conducted  alooK  the  uiie,  ue 
iirevcrtible  l\  164).  for  if  we  icversi:  the  direction  of  the  current  iii  the 
circuit,  hut  will  Mi)l  be  itn'tlofie-i  111  the  circuit,  and  heat  will  still  ptu 
hwn  the  hot  eiut  of  the  circuit  to  the  cold  by  cnnduciinn.  llie  heal 
transfer,  owing  to  conduction,  is  (guile  inilependent  of  the  quantity  of 
eleciririiy  which  pastes  txiund  ihe  circuit,  and  hence  we  shall  neglect 
this  effect  when  treatinit  the  circuit  as  a  heat  engine.  We  may,  of 
coune,  if  we  like,  render  the  conduction  of  heit  quile  inapprecialitc,  by 
making  the  conducting  wires  forming  the  circuit  very  long.  As  to  the 
heal  developed  according  to  Jaule*s  law,  this  not  lieing  directly  pro- 
portional to  the  quantity  of  clccnicity  passin)C  round  the  circuit,  and 
further,  since  by  making  the  resistance  of  the  riicuil  suffitiertly  large, 
we  may  make  the  quaniiiy  of  hc»t  produced  as  small  as  wc  please,  wc 
shall  ;ilio  ncKleci  this  etTect.  Tliu*  when  we  are  considering  the  con- 
nection between  the  E.M.F.'s  which  act  at  the  juncriions,  (hat  b,  the 
work  done  when  unit  quantity  of  electricity  passes  round  the  cirtrtiit,  and 
the  ihcrmal  cfTecis  which  accompany  the  passa|^  of  the  clcciriciiy,  we 
shall  only  consider  the  reversible  processes,  and  shall  ircnt  the  circuit  as 
a  leversiblo  engine  (§  36i]l 

Let  f,  he  iho  heal  libenited  at  the  cold  junction  of  a  ihemio-cjcctric 
circuit,  of  u'liich  the  temperature  on  the  absolute  scale  (J  :6i)  is  7*,.  when 
unit  quamiiy  of  [.-leriricity  crosses  the  junction,  and  P^  be  ilic  heat 
absorbed  at  the  hot  junction  which  is  at  nn  absolute  icrnperaturc  T^ 
The  quaniiiies  of  heat  P,  and  /*,  being  expre:>icd  in  incclianical  units, 
/*,  will  represent  the  mechanical  equivalent  of  the  heal  liberated  at  the 
cold  junriion,  and  /',  that  of  the  heal  abiorbcd  al  the  hot  junciion  whea 
tmil  quantity  of  eleclticiiy  flows  raimd  the  circuit.  Now  if  If  is  the 
u-oi-k  done  when  i1i«  unit  quantity  of  electricity  flotvt  round  the  circuit, 
«-C  have  by  the  cquatioiis  found  in  J!  a6i — 


or  E~ir,-r,)P,fr,. 

Hcnre  if  Die  tenip«miU[v  7",  nf  tlie  coM  jiinciion  is  Ic^  conslanl,  l]iW 
reaMtning  would  tca<l  us  In  c^pccl  ihni  ilm  F-.M.F.  in  iho  circtiil  would 
be  pfoportinnal  lo  tlie  diflVrcnce  between  the  [enipcraiurcs  of  the  liot 
and  cold  Junciioiit.  We  liave,  however,  iceii  th.n  if  the  temperslure  of 
the  hot  junction  is  niiied,  the  E.M.K.  will  increase  nt  first,  but  will 
«rvenlxi.il]y  irarh  a  mavlmum  Viiluc,  and  nlicn  ihc  Icmpeiamrp  of  the 
hot  junction  is  at  iiiii<:)i  n)x>ve  Ihc  nruiial  IcmpcrRiurr  us  ih.il  of  the 
coM  one  is  below,  ihc  K.M.F.  «ill  l)c  zero.  From  con &i derations  of 
tills  nature  Lord  Kelvin  was  led  lo  infer  ihai  in  a  ihemiU'deciiicdmiil 
there  must  be  other  reversible  ihcrmitl  cITectt  duo  (o  ihe  cuireol  beudes 
the  I'eltier  ellect,  and  lhc*e  effects  niuM  account  for  tbe  discrepancy 
beiween  ihc  exptesvion  wc  have  found  above  on  the  suppo»iion  ihai 
llic  Peltier  effect*  were  the  only  reversible  ones  in  the  circuit  and  ihe 
obseT%'ed  facii.  Ho  then  made  a  scries  of  experiments  wiili  :i  view  to 
discover  such  elects,  and  found  that  when  a  current  Itoui  jlon^  a  wire 
nf  which  the  icmperatute  varies  frtim  point  to  pciiiii.  heat  is  liberated  at 
a  jjivcn  point  of  the  mire  when  the  current  flows  in  one  direction,  and  is 
absorbed  at  thif  |>oiiii  when  the  direction  nf  the  current  is  rc^Trsed.  Of 
ooune  il>c  lilximioit  of  heai  here  spoken  of  i^  additional  tu  ihe  heal 
Kberated  according  to  Joule's  law.  The  relative  dirccliuos  of  Ihe  current 
and  »f  the  temperature  ({nulieni,  in  order  thai  ibere  may  be  abmrptiotl 
of  beat,  depend  on  ihc  mctaL  Thus  in  the  case  of  copper  heal  is 
abaorticd  irhcn  the  cnrrcnl  is  flowinK  fmm  Ihc  cold  part  of  the  wire  tn 
Ibe  hot,  while  in  ihc  ca»e  of  iron,  on  the  other  hand,  heat  is  absorbed 
when  the  current  it  tlnwint;  from  ihc  hot  part  of  Ihc  wire  to  ibe  cold ; 
that  is.  in  ihe  same  direi'lion  as  the  flow  of  heal  due  to  conduction  in  ihc 
wire.  In  each  case  revelling  the  direction  of  the  current  changes  the 
ftbtorption  of  Iw-Bt  into  a  hhcitition.  This  ro'crsihh-  ihemial  effecl, 
luced  when  a  currcni  Aows  alonK  an  unequally  heated  conductor,  i( 
nlled  the  Thomsoin  tiKci. 


PART  v.— MAGNETIC   INDUCTION 

CHAPTER  XI 

UAGSETIC  INDUCTION 

^m^fiXn.  InUlUlty  or  Hafrnetisatlon.-VVe  have  already  rftfcmd.  in 
f  ^17,  la  ihc  fnct  ih.-ii  :t  piece  o!  Hon  when  placed  in  a  magnetic  tttiii 
liecomrs  nia|:»cli!Kd  b)*  induction,  nn<l  nc  now  have  to  investigate  llu 
phcnoiiicnoti  of  induced  niagnclitm  in  more  dcuil. 

We  have  defined  the  mAKDCtic  force  at  it  given  point  in  air  as  the 
force  in  ily-nu  which  would  act  on  a  unit  pole  placed  at  the  pcnnt,  and 
we  have  seen  liow  the  direction  of  the  fori'e  which  would  act  on  a  north 
pole  when  placed  anywhere  in  the  air  KurrountHng  a  ma}[ne(  may  be 
tBa|)ped  oui  by  means  of  mniinctic  lines  nl  foicc.  We  also  found  that  in 
the  air  ^urroundin);  the  inaifoct  these  lines  of  force  ran  from  tlic  north 
pole  of  ihc  magnet  to  the  south  pole.  In  the  case  of  eleciro-siatic  linci 
of  force,  since  there  is  no  force  exerted  within  u  closed  coiiiluctor,  «c 
did  not  have  to  consider  tlie  fonns  of  the  line»  ^  force  within  a  conducl- 
ing  bndy,  no  thai  a  line  of  force  tH-igtuaUti  at  a  posiiivdy  elecirilied 
coiidticinr  and  emi/d  a\  the  surface  of  a  nettativcly  clcciriiicd  body.  In 
the  case  of  [he  magnetic  lines  of  force  due  lo  an  electric  current  (§  4?)) 
w«,  hoH'cv^r,  found  ihnt  ihcy  consisted  of  rtosed  curves,  that  is,  e-cli  line 
of  force  is  continuous,  and  has  neither  hc>f>nning  nor  end.  We  are  thus 
led  to  consider  whether  the  lines  of  magnetic  force  due  to  iuu(niet>  are 
like  lines  of  electro- static  foice,  origiaatiny  at  a  north  pole  and  ending  up 
at  a  south  pole,  i>r  whether  they  are  Irke  the  ma^inelic  lines  of  force  of  a 
current  and  arc  continuous  cui^-es.  Suppose  that  a  long  thin  slec!  rod 
is  magnetised  uniformly,  then  there  will  lie  a  pole  at  each  end  and 
tnagnclic  lines  nf  force  will  run,  in  the  surrounding  air,  Irom  the  nonh 
pole  to  the  south  pole.  Now  suppose  thai  the  magnet  is  bent  into  the 
Ibrrn  of  a  circle,  the  two  poles  Iwing  brouRht  into  roniaa  with  one 
another.  Before  the  poles  were  biouRhi  into  conlnct  there  were  a 
number  of  lines  of  force  passing  th[nu>;h  the  air,  but  when  the  poles  are 
in  contact  practically  no  lines  of  fotre  pass  throtigh  the  air.  Tlie  magnet, 
however,  is  siill  magnetised,  for  if  the  poles  are  separated,  or  if  it  is  cm 
at  any  other  place  and  the  ends  arc  separated,  lines  uf  fonre  will  at  ooce 
pass  through  the  air.     We  are  thus  led  to  conclude  that  the  macnMic 
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liites  of  force  exist  even  when  ihey  do  not  pou  thrnugh  ihc  air,  and  th&l 
wlien  ilic  polc»  are  in  cuniact  the  lines  run  round  the  MccI  ring  ilitis 
fonncd  \Vhcn  tlic  poles  urc  separated  ilic  lines  of  forcL-  ttili  form  ton- 
liniioii-t  lincrt,  the  dirtclion  in  llic  air  being  from  tlie  norlli  pole  l«  the 
south,  nliile  for  ibe  remainder  of  iheir  coune  tliey  run  in  the  subitantt 
of  ilic  steel,  the  direction  here  being  fron.  ilie  muth  poie  10  the  north. 

Just  as  m  ibe  case  of  elcctto-statir  line*  of  force  no  w«rc  nWc  by 
nicuft*  of  the  conbideralion  of  lubes  of  force  to  rcpreftcnl  the  sircnK<li  of 
the  electro- stati<:  field  at  an)-  point,  so  b>'  the  consideration  of  tube*  «f 
iDagnciic  force  »«  can  represent  the  sircni^li  of  the  magnetic  field  M 
every  point.  A  unit  magnetic  tube  of  force  is  bounded  by  lines  of  ts\*%- 
nelic  force,  and  is  such  th.11  ihc  product  of  the  magnetic  force  at  any 
point  of  the  lube  into  the  cross-section  of  the  tube  at  that  point  is  equal 
10  unit)*. 

Attention  must  be  paid  to  the  diflcrenrc  between  the  methods  in 
which  ibe  electro-static  and  ihc  magnetic  unit  tubes  ate  defined.  Since 
the  electro-static  tube  starts  and  ends  at  giicn  points,  we  are  able  to 
dcliiie  Ihc  unit  tube  by  the  quantity  of  eleclrilicalion  at  the  end>.  Tlius 
defined,  we  have  ieen  that  the  product  of  the  ekttric  force  at  a  point  in 
a  tube  into  the  cross-iection  of  the  tube  at  that  point  i»  e([ual  to  \k.  In 
the  magnetic  case,  on  the  other  hand,  the  tuhc«  being  endless,  we  have 
10  adopi  another  method  of  defining  ihc  unit  tube,  namely,  thai  the 
product  of  the  magnetic  force  into  the  cross-section  should  be  conitaot. 
The  constant  usually  adopted  being,  however,  not  Vt,  but  luiity.  Crealer 
unifonnity,  no  doubt,  u-ould  be  secured  by  altering  the  definition  of  the 
electro-iUtic  unit  tube  so  as  to  conform  to  the  detinition  of  the  main^iic 
lube  in  the  nunncr  ]{iven  at  the  end  of  §  455.  Usage  having  decreed 
that  the  deliniliaos  we  have  adopted  should  be  used,  it  sccnii  hopeless 
to  attempt  to  make  any  change.  'I  be  difference  in  the  definitions  will 
account  for  the  freqtient  occurrence  of  the  quantity  47  in  fomiulir  dealing 
wiih  one  kind  of  tube,  but  not  in  the  corresponding  formula  dealing  with 
the  oihcr  kind  tA  tube. 

[f  a  long  thin  magnet  is  talcen  of  which  ihe  pole  strength  is  m  and  a 
sphere  «f  radius  r,  where  r  is  small,  be  described  witli  the  pole  as  centre, 
the  force  at  any  point  on  this  sphere  is  m.i*.  sinte  the  other  pole  is  at  a 
great  diManrc,  so  that  it  exerts  no  appreciable  force.  If  ii  is  the  cross- 
section  of  a  luiie  of  force  at  ilie  surface  of  the  sphere,  then  by  the  dcfini- 
lion  of  the  unit  lube  we  have 

a.mir*m  I, 

or  *i—  »*/«ii. 

Hence,  tiiscc  the  area  of  the  surfiuv  of  a  ^plier«  of  radius  r  is  ^wr*,  the 

number  of  itibe4  of  force  which  crot*  lite  surbce  <A  tbc  spheie  i«  £^, 

4««i ;  tlsu  ts,  lliere  arc  twm  tubes  of  Ibrco  whkb  tcave  ilie  north  pott* 
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a  majpwt,  of  wlikh  the  pule  vtrctij-ih  »  m.  Since  *11  the«<;  iub«s  tif  fnTcc 
Rluni  10  ihc  nonh  pole  throut;li  the  subiUuice  of  tbc  imn,  i1>ctc  hiII  t* 
4ir«n  lubes  of  forrc  pauini;  ihraiifrh  Ibe  iiui|ine<,  tbpw;  liibn  ti  force 
b«inf;  all  due  lo  lh«  in.iK'wtiini  of  llic  mnipKl  it»cl£ 

If  vre  accept  the  hypollvo^is  ofmotofular  mni.iiots  fg  4Jo),  tbcMrenjit 
of  Uw  pole  m  eiilicr  nieavures  the  strtn^th  of  the  molecular  nutgnctK,  ot,  if 
wciiMumethal  tbcyareof  cOBauuiiMreriKth,  ihcpropuriionof  rbcm  w>ii<rl> 
are  luraed  with  their  axes  in  one  direction.  Hence  dir  a  invcn  magnet 
the  decree  to  which  the  steel  ii  maftneiiaed  wtll  depend  on  the  number  nf 
tube*  of  force  which  psM  through  the  aubotanoe  of  the  maf^ct,  ihat  i&  on 
tbc  eloMnc»  of  the  pnckinff  of  the  lubcu.  This  doctcncM  depends  on  Ihc 
tlTengih  offhepolcf  of  the  nuiinKt  and  nlmon  the  cross-section  of  the 
ma^j^et  If  then  s  is  the  cross-seciinn  of  the  nuij<nei,  amd  m  is  the 
»lten);tb  of  ciilicr  of  Ibc  polca,  the  dc>;Tce  lo  wh'Kh  the  Meet  ii  magneiincd 
is  nieajiured  by  \smlt.  Now  »f  /  is  ibc  length  of  the  ma^ptct,  juid  ii» 
itiagnctitnioment  bjl/,  we  havciw— J///,  Heace  the  degree  of  nvig net isa- 
lion  of  the  >iccl  ii  mcnsutcd  by  ^tiAtih,  or  nocc,  if  I'  ii  the  volume  of 

ilic  niagnet,  V~h  \>y  4^'^    Thus  the  dct-nw  of  iiuKneliiuition  of  ihe 

site!  i»  proportions!  to  the  quotient  of  ihc  magnetic  roontcnt  by  the 
I'oluiiie,  and  this  quantity  i»  called  the  inlensily  ef  magnfiisalifH  of  the 
Sitcc:].  That  (he  value  of  thi«  (juonliiy  doc-s  not  depend  on  the  form  of 
the  niaKTtct  can  be  seen  by  the  following;  coiuiderntions.  If  a  tnasnel 
were  lakcn  of  length  /,'a  and  cross-sec  lion  u,  so  that  the  volintte  wnt  ibe 
same  a*  before,  and  irene  magnetised  v>  tliat  its  moment  was  .\f,  the 
strength  of  each  pole  would  be  3^1/, 7,  that  is,  zm,  and  the  number  of  iul)CS 
of  force  passing  lhroU|{h  the  magnet  would  be  jriwxi,  anrl  ibc  number 
nf  lubes  of  force  passing  through  unit  area  i>f  the  crou-seciion  would  be 
8irm,'2»  or  4t"»,i'*,  which  is  ihc  same  number  as  obtained  before.  Since 
the  moment  and  the  volume  arc  the  same  as  before,  the  inlciisily  of 
ma);  net isa lion  is  the  same  as  before,  and  wc  hai'C  just  seen  ihat  tbi 
closeness  of  the  tubes  of  force  is  ilic  saiiic> 

Tile  number  of  tubes  of  force  aliicli  pass  ibrough  ibe  nutgnet  is  4 
and  the  number  of  tubes  per  unit  an-a  of  ctoss-seciion  ii  4trMt,''r,  but  thi^ 
ninnber  of  tube^  per  unit  area  of  the  cross-section  is  also  c<|tial  to  4r/. 
Hence  l^ms.    The  quantity  ttU,  which  is  the  pole  strength  per  unit 
aica,  is  called  the  surface  density  of  tlie  niagiietisaiion,  and  from  the 
above  rclalion  il  is  seen  tliat  this  quantity  is  numerirally  equal  to  ihft 
intensily  of  magnetisation,  /.    Thus  if  a  disc  of  iron,  of  which  the  area 
tbc  face  is  S,  \%  magnetised  tiuiuveraely,  the  intensity  of  magneiisaiii 
being  /,  then  the  pole  itrcngth  of  cither  side  will  be  IS. 

602.  Magnetic  Induetlon.— We  have  seen  ihat  when  a  piecvofiron 
IS  p!a<:cd  in  a  ningneilc  ticld  il  liccomcs  magnetised  owing  lo  induclioit, 
and  we  h.ivr  now  in  .unsidcr  how  the  intensity  of  the  indmx'ii  inagiMtisia 
depends  on  ihc  conditions  under  which  the  induction  ukus  place. 
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In  any  ponion  of  it  mofrnetic  Iteld  wbkh  is  Illicit  with  nnn-nugnetic 
medium,  all  ihc  tiibn  of  force  are  due  to  cuiutcs  fcuircnti,  niag:neu.  &<.) 
whirh  are  pxieinal  W  ihc  portion  of  the  medium  considered.  Tf  »■« 
iwoume,  and  we  shall  sec  Inier  to  whni  extent  this  assunipiion  \%  justified, 
that  in  a  magnetic  medium  the  molecules  of  the  medium  ;ire  already 
niuyneiiMd,  iiiid  thai  the  act  of  magneiisin^  any  given  purlion  of  the 
medium  con&isii  of  lurnin;;  tliese  molecular  ma^nela  in  a  Eivcn  direction, 
then  when  luch  a  vntAmm'ti  mtmagne/hrd  iht  molecular  ma  unci*  will  be 
turned  in  all  diicctioni.  Each  molecular  magnet  will  have  ii$  tubes  of 
fcirre,  juit  ax  st  lartie  m.-t{[net,  but  in  the  unra;ij(m^''-''c^  Male  these  tubes  of 
force  will  be  turned  in  all  direetionx,  ta  that  on  the  whole  there  will  be  as 
many  itihcs  passing  throuKb  any  clement  of  area,  taken  ia  the  medium, 
in  onediieciionai  in  the  opposite  direction.  Where,  however,  a  magnetic 
medium  is  placed  in  a  magnetic  field  a  certain  projortion  of  the  molecular 
magnets  u-ill  be  lunieil  in  the  direetion  of  the  lines  of  force  of  the  field, 
»o  that  their  tubes  of  force  all  point  in  the  same  direction.  This  effect 
ii  iihown  in  Fig.  40?,  which  represents  the  result  of  sptinklio);  iron  filings 
m-ei  a  sheet  of  glASS  on  which  were  placed  a  number  of  tmall  n^ag'neti, 
the  axes  of  which  were  arranged  irreifularly  in  all  directions.  In  Fig.  408 
tlte  corresponding  fi>;ute  ts  shown  for  Ih«  same  magnets,  but  here  they 
have  been  all  arranged  with  their  ases  puiniing  in  one  ditctiion.  Ii  will 
be  observed  that  now  there  are  lines  of  fort-e  extending  to  some  dialanoc 
from  the  ginup  of  magnets. 

Thus  within  a  magnrtiuible  medium,  which  is  p1ac«d  in  a  magneik 
field,  we  have  to  do  with  two  set«  of  tubes  of  force— (1)  those  which  are 
due  to  the  magnetising  Acid,  and  wliich  U'ould  exist  if  the  magnetk 
medium  were  repUcetl  by  a  non-magnetic  medium  ;  (1)  those  due  to  the 
magnetism  of  the  moleculei  of  the  tnediinn  itself. 

Suppose  that  a  long  unmaKnetised  cylindhca]  bar  of  soft  iron  of 
crats-scction  s  is  placed  in  a  uniform  magnciic  field  of  strength  H,  with 
it*  len((th  parallel  10  the  lines  of  force  of  the  field.  Then  if  the  cylinder 
were  of  an  iinniagnetisable  material,  the  number  of  Ittbet  of  force  due 
to  the  field  which  would  cross  the  cross-teciion  of  the  cylinder  is  sH. 
Owing,  however,  10  the  fact  that  the  cylinder  becmnes  magnetised  by 
indtaaioR,  there  will  be  in  addition  a  certain  number  of  tube^  of  foree 
both  within  the  cylinder  and  in  the  air  outskle,  doe  to  this  induced 
magnetism. 

Owing  to  the  induction,  poleji  will  be  induced  at  the  ends  of  the  iron 
and  these  poles  will  In  general  produce  a  force  within  llie  material  of  the 
iron  which  will  tend  to  diminish  the  strength  of  ibe  inducing  field 
TI1U  disturbing  amnion  of  the  induced  poles  causes  a  oonsiderablo  com- 
plication in  the  consideration  of  the  problem,  and  M>  we  shall  at  6r>t 
consider  the  case  of  a  very  long  cylinder  of  comparalitTly  smalt  craos- 
section.  In  this  case,  if  we  confine  o«irseb-es  to  a  consideration  i>f  iha 
State  ot  the  iron  near  the  middle  of  the  cylinder,  tbc  influence  of  the 
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pulea,  wlikh  ;irc  bjr  HippoiilioB  ai  »  coosidonble  distance,  may  be 
neglected 

If  m  is  the  strength  of  (be  poles  um1\ic«<1  in  the  iron,  th«n,  ns  we  haiv 
seen  in  ilie  lut  section,  there  will  be  i,rm  lines  of  Ibrcc  due  to  tbit 
tncliKnl  mainvcliiin.  Since  that  end  of  the  cylinder  whkli  points  in  ilic 
direction  in  which  the  line*  of  (orcc  of  the  field  lun  bccoiiic*  a  nonli 
polt,  the  induced  tines  of  (crce  «ill  run  in  the  air  in  ihc  opposite 
direction  to  the  ttnes  of  ftncc  of  the  field,  bul  within  the  imn  thry  wi!! 
ran  in  the  same  direction  as  Ihe  lines  of  lorEe  of  the  tield.  The  niimbet 
of  luties  H'hich  pus  thmuijh  the  iron  is  ihcicJbie  iH  iiibcs,  due  to  ilie 
induring  iield,  nnd  4iri»  tubes,  due  lo  ihc  Induced  magnetisalion,  or 
tllf-^ttm  in  all.  Urncc  the  number  of  tube*  of  force  which  cross  unit 
am*  of  the  crou-sc>-ii»n  of  the  iron  is  i/*-\icinii.  Kiit  the  uilensiiy  of 
matinciisaiion  of  the  iron  is  equal  10  Wr j,  for  the  lines  of  fuice  due  to  the 
field  alone  have  nothing  to  do  with  ili«  nut;"'^^^''^  "^  ''^  niaietial,  and 
in  Eact  rein&in  the  sajuc  wkaic^-cr  ibe  tuiurc  of  the  material  of  whidi  the 
cylinder  a  composed  Hence  if  J  la  the  intensity  of  the  magnetism 
induced  in  the  iron,  the  number  of  lines  of  force  which  cross  unit  area  tS 
tbe  crostfsection  of  tbe  cyhnder  is  H-^^vl,  This  quantity  is  called  ibc 
indutlioH,  S,  in  the  irnn,  so  that 

We  have  in  the  above  spoken  of  the  tubes  of  force  due  to  the 
magnetising  field,  and  to  the  induced  nu^netism  which  is  induced  in 
the  iron,  ;ind  »-c  have  defined  the  induction  as  the  number  of  tubes  of 
force  which  crois  unit  area  nl  tistil  angles  lo  the  tubes.  Now  akhougb 
in  the  example  wc  have  taken  we  have  for  simplicity  supposed  tl>,ii  the 
cylinder  of  iron  vm  placed  with  its  Icnttlh  parallel  lo  Ihc  lines  of  force 
of  the  niagneiisinj;  ticid,  and  was  cniiicly  magnetised  by  induction,  so 
thai  inside  the  iron  the  lines  of  force  due  to  the  field  and  those  due  to 
the  induced  magnctisni  were  parallel,  this  is  not  always  so.  Thus  if 
the  cylinder  had  been  placed  with  its  length  inclined  to  the  lines  of 
force  of  the  maKnetising  field,  and  been  pennanentiy  nvi^-netiscd,  the 
lines  of  force  within  the  iion  due  to  the  permanent  magnetism  of  the 
iron  would  not  be  parallel  to  those  due  to  the  field. 

Sintc  in  the  iron  »c  have  always  10  do  with  the  resultant  of  the  twro 
sets  of  tubes,  that  is,  with  ihe  induction,  ii  'a  usual  lo  speak  of  the  tubes 
of  induction  wilhin  any  magnetizable  mntcrial.  Thus  a  line  of  indiiclion 
is  a  curve  drawn  so  that  it  evcsywherc  indlcRlcs  the  direction  of  ihc 
induction,  that  is,  of  the  nrsultant  of  the  field  causin>i  tbe  induced  ina^- 
nelisation  and  that  of  the  ina[,'netisation,  both  pcrmantnt  and  induced, 
of  tbe  material.  A  lube  of  induction  ii  a  puntoo  of  space  bouniied  by 
linci  of  induction,  and  such  thai  the  induction  across  cver>'  cross-secliaa 
of  Ihc  lube  is  equal  to  unity. 

If  there  arc  no  ma|,'neiisable  materials  in  tbe  field,  then  there  will  Ix 
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Ro  lines  of  force  due  10  induced  or  pcnnaneni  nutKnetiun,  and  ibc  lines 
«nd  lubes  of  indiiciion  H'ill  be  the  same  as  the  linct  and  lube*  of  force 
In  casct  wlicic  we  wUli  to  disiinijuUh  1)FiU'cen  the  two  sct»  of  tubes 
wiOiio  a  nugnctmble  niateiUI,  wc  shall  take  the  terms  liiifi  and  /ui*i 
«ff»nt  u  rcfemDg  10  ilic  lin«  or  tube»  wliich  u-oiild  occupy  tlic  spiurc 
if  ihe  magneti&ablt:  nuteria!  were  rviuin'ed  4n(l  H'ere  replaced  by  a 
Don-tniignciiK;iljIc  subaunce  such  as  air,  reterving  the  Icctd*  Urns  and 
tubet  oj  iHtbietiim  for  ibe  Ksultant  of  tbe  inagnelisuiK  and  induced 
Gelds. 

In  the  case  of  a  magnet  pUced  in  a  region  where  there  arc  no 
ciicmal  magnetic  forces,  the  tubes  of  induction  within  the  magnet  will 
spread  out  into  the  air  from  the  nnnh  pole,  curving  round  and  cniering 
the  maKnct  nx  the  south  pole,  then  travelling  through  the  substance  of 
iha  magnet  to  lh«  Dorth  pole. 

Wbei)  we  come  to  the  <iue«iion  as  (o  how  the  magnetic  induction 
vithin  a  mass  or  iron  iii  to  be  nicaturtiL  we  ar«  met  »itb  the  difliculty 
that  «c  arc  not  able  to  brlnt;  the  tinit  pole  10  a  point  wiihm  the 
lubsiancc  of  the  iron  nitliout  making  a  caiitj-  in  the  iron,  and  the 
question  arisen,  what  will  be  the  eflccl  of  such  a  cavity  on  the  induction  ? 
Suppose  that  wc  return  to  the  caic  of  the  cylinder  of  cross-section  S, 
htXan  coniidcicd.  whitb  is  placed  in  a  field  of  giienglb  H,  with  its 
length  parallel  to  the  lines  of  force  of  ttie  field,  and  that  wc  cut  the 
cylinder  in  two  by  u  pUne  at  right  angles  to  its  axis,  and  separate  the 
halves  hy  a  very  unat!  amount.  Then,  if  the  gup  between  the  parts  is 
sufficiently  sm.ill,  practically  the  whole  of  the  tubes  of  induction  which 
leave  one  portion  will  enter  the  opposing  face  of  the  other  portion. 
WItere  the  tubes  of  induaion  leave  the  face  at  one  side  of  the  air  gap  a 
north  pole  will  be  produced,  while  on  the  other  side  of  the  gap,  where 
they  enter  the  iron  again,  there  will  be  a  south  pole.  These  pole*  will, 
howe»-cr,  be  to  \-vrf  near  that,  being  of  the  same  blrcngth,  they  will 
exactly  neutralise  each  other's  ctfect,  except  in  ibe  air  gap.  Let  ^'be 
the  value  of  the  field  in  the  gap,  that  itt.  the  force  which  wnuld  act  on 
the  unit  pole  if  placed  there,  then,  as  the  field  wilt  he  iinifomt,  tlic 
number  of  lubes  of  force  which  tioss  the  gap  will  be  iF,  for  the  cross- 
section  of  the  gap  is  j.  Now  tbe  number  of  tubes  of  induction  whkb 
enter  the  air  gap  from  the  iron  on  ihc  one  side  and  re-enter  tbe  itt>n  on 
tbe  other  side  is  iB,  where  B  is  the  induction  within  the  iron.  Hence, 
since  each  of  the  tubes  of  fore*  in  the  air  gap  11  the  continuatton  of  one 
of  the  tubes  of  induction  in  the  iron,  we  must  ha^-e  the  same  number  of 
each,  that  ii,  sJ>--sF  ox  J!~f-',  The  magnetic  induction  ts  therefore 
ec)util  to  the  strength  of  the  magnetic  field  in  a  stnoll  crevasse  cut  in  the 
iron  at  rij;ht  angles  lo  the  lines  of  induction  in  the  iron. 

£03.  KasnotlllngForce— When  considering  thecaseof  the  cylinder 
of  irixn  roagnetited  inductively  in  the  lost  sedion,  we  assumed  for  um> 
plicily  that  the  length  was  very  great,  and  n«re  thus  able  to  neglect  the 
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niagii«lic  forre  wiihia  (he  imn  (h]«  in  the  pofet  whkb  are  imiucrd  ax  ihc 
cmH,  and  wc  have  now  to  consider  wK«  influence  these  will  have  on  the 
rcHitli  atitained. 

If  the  l«n^h  of  (he  bar  b  Knife,  m>  that  the  inflaei>ce  of  the  polet 
induced  at  the  ends  has  to  be  taken  into  account,  the  masoetEnng  forct 
at  any  jfivcn  p(nnt  of  the  bat  will  consist  of  two  parts,  that  dae  to  the 
Arid  when  (be  iron  is  not  present,  and  that  due  to  ilie  pole*  which  xk 
induced  at  the  cndi.  If  it  weic  possible  to  keep  the  induced  poIe»  in  the 
place  n'hich  ihcy  occupy  and  yet  remove  the  iron,  then  the  field  d'lc  10 
ll>c  poles  would  be  oppo«iie  in  direction  to  that  due  10  the  indiKin),'  tield, 
for  the  iiKluced  north  po)c  is  lunted  towurds  the  dite^-tion  in  which  ihc 
lioesoffofce  of  the  field  run  and  the  tine*  of  fiiice  due  to  the  in-oiiHiiicpd 
poles  run  from  the  nocth  pole  to  the  totilb.  The  renJt.-int  of  ilkc  i«t> 
field*  is  tbe  field  whkh  b  actually  efficacioas  in  producio);  the  induced 
majrnctisation  of  tbe  iron,  and  is  called  the  magnetising  force.  Since 
the  operation  of  mno%'ini;  the  iron  without  movin;^  the  poles  \%  imposubfe, 
we  haw  to  cnnsider  sQine  oibcr  method  of  incafrurint:  tbe  inagneiisint 
AjTce. 

Suppose  a  long  thin  crlmdrical  civity  to  be  made  in  the  iron  with  !tt 
axis  parallel  to  the  direction  in  which  the  iron  b  magnetised,  Thto, 
since  the  avi«  of  the  c>-1indcr  is  parallel  to  the  dirvciion  of  m.igneiiuiion, 
all  the  molecular  ma^eis  will  be  arranged  parallel  to  llie  sides  of  the 
cavity,  tio  that  there  will  be  no  free  poles  developed  on  the  sides  hut  only 
on  tbe  ends.  Hence,  if  the  length  is  %-cry  great  comiiared  to  the  daa- 
meter,  the  force  due  to  the»e  free  poles,  produced  by  the  inaKnctiiaiion  of 
the  iron  on  the  ends  of  the  otvily,  will  be  nc^'ligiblc,  and  a  tmil  pole 
placed  iniitip  the  cylindrical  «ivity  will  experience  a  (orcc  whirh  is  due 
solely  to  the  induring  lield  and  to  the  poles  induced  nt  il>r  ends  of  ibe 
iron  cylinder.  In  other  words,  the  force  acting  on  the  unit  pole  will  be 
cqtjal  to  the  magnetising  force  which  is  aciin;^  inductively  on  the  iron 
and  which  produces  its  induced  magnetisation,  and  not  in  any  way  due 
to  the  influence  of  the  neiKhbooring  iron.  Hence  ia  the  equation 
B~-  H*iT/,  in  the  case  where  the  iron  is  of  such  a  letigtji  that  the  poles 
induced  at  the  end*  exert  an  appreciable  magnetic  force  at  the  point  in 
tbe  iron  considered,  //  mutt  be  Liken  to  be  tbe  force  which  would  act 
«n  Ihc  unit  pole  if  placed  inside  a  very  long  cylindrical  cavity  at  the 
given  point,  the  axis  of  the  cnviiy  being  paiallel  to  the  direction  in  which 
the  iron  is  magnetised. 

We  have  seen  that  the  eflecis  of  the  poles  induced  at  the  ends  of  the 
iron  19  to  reduce  the  magniiiide  of  the  magnetiiing  force,  so  that  if  the 
external  field  is  reniovi'd  the  forte  due  to  these  induced  poles  will  tend  10 
demagnetise  the  bar.  The  longer  the  h.nr,  the  smnllcr  wii!  be  their  de- 
magnetising force,  so  that  it  i»  better,  when  making  permanent  m^^ncts. 
In  use  long  thin  bars  of  steel  than  nhoil  and  broad  ones.  In  most 
experiments  on  the  strength  of  the  mjigDclism  induced  in  imn  rods  tbe 
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length  is  laken  so  great  tliut  the  demagnctiung  lanx,  dae  to  the  poles 
inducci!  ni  ihc  ends,  is  ncgligiblci  »o  ttiat  i)ie  mat;neti»ng  ianx  will  he 
cqit-il  lo  Ihc  strength  of  the  field  before  the  initrwiuclion  of  the  iron,  and 
the  arpinKlil  in  the  Uit  srrtlon  xvill  hold  good. 

604^  Susoepilbllliy— Permeabllliy.— If  the  nMjjneiism  of  «  pitce. 
of  iroii  is  entirely  induced,  the  mngneixvtiion  >nd  th«  induction  are 
parallel  to  ihe  tliicctwn  of  the  mn^etix'mg  force  ;  iind  if  H  \%  the  KUg- 
netiiiRg  furce,  B  ihe  induction,  and  /  ihc  iniensiiy  of  magnetikation, 
we  hasv 

The  ratio  of  the  intentiiy  of  ihv  induced  inagneiiMiioiT  10  ihe  magne- 
tising for«i  or  IJi,  is  raJied  ihe  magHelie  suicf^iUMjr,  jind  i»  gcnemtly 
indtcaiod  by  ihe  letter  /. 

The  nitio  of  the  indutiion  10  the  magneiTiing  hrct,  or  Bjff,  n  called 
ibe  Mt^snetk  /trm^Mi/v,  and  is  generally  indicated  by  the  letter  ju 
Hence 

Sulntttuling  lhe»e  values  in  ihe  cijuaiion  for  /I,  n«  get 

p  "  I  +  4ir/. 

The  permeability,  ;>,  has  the  *ame  relation  10  fitngnelisin  ai  the 
specific  inductive  capacity  his  10  cicciro-slaiict.  There  is,  however,  this 
impoiliiiil  difTereiicc,  [hat  while  the  specific  induciii'c  capaciiy  of  a 
dielectric  is  independent  of  ihe  elect ro-iia tic  force  acting  and  of  the 
vatuei  of  the  forte  which  have  previously  been  acting,  the  conlrnry  is  the 
case  with  the  pcmieability.  Thus  in  ifie  case  of  irim  the  ialiic  of  the 
pctmeabiJily,  at  any  rale  for  magnetising  foices  above  about  0.01  i.ga. 
UDitS.  depend*  not  only  on  the  value  of  the  inagnciising  force  acliuUly 
actinf,  but  aUo  on  whni  magnetising  force*  have  previously  acted  on 
the  iron. 

In  Kig.  480  is  given  a  curve  showing  tlic  relation  between  the  mag- 
netising force  and  the  iiiagneiic  iiuliiciion  for  a  paTti<:ular  tample  of  iron. 
It  win  be  icen  that  the  curve  for  small  magnetising  forces  is  iicarly 
nraighl ;  after  this  it  bends  sharply  upwards,  and  then  gradually  becomes 
flatter  and  flatter  till,  for  large  valnes  of  the  magnetising  force,  it  it  again 
iiraight. 

In  the  Agurc  the  scale  adopted  for  A  ii  very  much  smaller  than  that 
lor  //,  since  the  changes  in  A  are  so  very  tnuch  grtalcr  ilian  are  those  in 
J/.  If  the  same  scale  is  adopted  for  the  two,  (he  curve  for  large  vakiet 
of  if  i«  a  straight  line  inclined  at  4;'  to  the  two  axes  indicating  that  Ihe 
dHDge  in  //  is  «ijual  lu  ihe  chiuige  in  //. 

If  we  consider  any  point  /"  on  the  curve,  ihcn,  >.ince  the  jiernveabitity 
is  ifae  ratio  of  the  induclion  to  the  magnelising  force,  llie  value  of  the 
penncaUMlity  for  (he  magnetising  fotce  corrctpooding  to  P  is  given  by 
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the  nu»  of  the  (Mdinaic  of  P  to  the  absciMa,  or,  wKat  comes,  to  the  uioe 
ihiftg.  by  the  ungient  of  tlte  angle  $  between  tli«  line  joining  P  lo  the 
origin  artd  ihe  «xis  of  H. 

Since  (at  veiy  sntall  vatite»  of  ff  lh«  rurrc  it  «traighl,  the  tangeni  d 
the  angle  (}  it  coRMant,  thai  is,  the  prnneabUity  is  consiani.  A>  H 
increases  0  IncrcaMK,  and  hence  (he  pemicAtMlity  aUo  increases.  At  the 
point  Q  on  the  curb's  the  value  oi  H\\  a  maximum  ;  thtu  for  the  com- 
kpondinR  value  of  ft,  that  is  4-^  'vf**'  unii&,  in  ilie  case  of  the  sample  of 
iron  for  which  ihe  curvr  is  drawn,  the  peinicabiltt)^  ii  a  maximum. 
VoT  greater  valuer  of  //,  S,  and  therefore  also  ihe  permeabitity,  itccreasrs. 

.Sinc«  for  high  values  of  H  the  curiae  is  a  straight  line  indincd  m  t^' 
to  the  axis  of //,  for  all  points  on  this  portion  the  curve  we  have  f  »//+•(; 
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wheie  It  i«  a  constant.  Conipaiing  this  relalion  with  ihat  Itetwecn  H,  ft, 
and /,  namely,  ff-/i'+4r/,  we  sec  tliat  it  indicstw  that  jjt/ has  become 
coniianL  Hence  tlie  intensity  of  nmgneii«aiion  doM  nol  iiKTrmsc  in- 
definitely ax  the  strength  of  the  magnctiting  field  is  incn^.-ited.  but 
eventually  reaches  a  constant  value,  l^ndrr  these  rimimstances  ilic 
iron  is  said  to  be  salumicd.  In  the  ca*e  of  a  specimen  of  soft  iron 
examined  by  Ewing,  saturniinn  iva*  produced  by  a  magnetising  force  of 
less  than  2,oooi-._f.(.  units.  The  magnetising  force  rcijuired  to  saturate 
slcel  is  vcrj'  much  greater  than  that  required  in  the  ca^c  of  soft  iron. 
Thus  Ew'ing  found  that  a  mugnetinng  force  of  is.000  tmiix  wag  not 
sufficient  to  saitimic  one  iprcimen  of  steel.  In  Fig.  481  ihc  curve 
showing  the  relation  between  the  magnctisiiig  force  and  the  pumicabiiily 
is  given  for  the  iiample  of  iron  for  which  the  curve  in  Fig.  4^  i>  drawn 
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The  pcnneabilitjr  for  very  ««aV  fields  i»  almoai  consiani,  ihcn  tncr««sM 
rapidly  \o  a  maximiirn,  ihcn  decrenses— at  first  rapidl>-,  iheii  more 
slowly.     The  curve  showing  ihc  i:r>nnn<:lion   belwreen  Ihe   iriensity  c4 
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nugneiiialian  and  th«  mxgnelisitig  force  is  similar  to  the'^-//' curve, 
since  iho  inienuty  of  ma^-netiMiiion  ib  practically  cquni  lo  £/4r,  Oie 
t'Mluft  of  //  being  very  mthiII  cutnpared  to  H. 

606.  Effects  of  Temperatura  on  the  Mafrnettc  Properties  of 
HairneUo  Hetals.— Wlien  a  piece 
of  iroR  or  stcci  is  heated  to  4  briglii 
red  it  loses  its  power  of  Ixrcomins 
magnetiited,  «r.  if  permaneolly  ma;;- 
neltted,  al!  thu  permaneni  ma^e- 
timi  will  lie  lotL  A  similar  rhangc 
takes  ptac«  in  the  caw  of  nickel  and 
cobalt. 

'Die  lemperatttre  at  which  a  par- 
ticular sample  of  a  matinetrc  melal 
lose*  its  magnedc  properties  i»  called 
the  critical  irnipcralurr  for  1h.11 
metal.  Thi^  irmprrainre  mii*l  not 
be  coiiftiscd  with  the  critical  teni- 
petiiture  in  ihe  case  of  gas**,  which 
has  reference  lo  on  entirely  diifeteni 
properly  {wr  g  133). 

With  imall  valtics  of  the  maj^nc- 
tisiaK  force  the  lons  of  the  iiia);nc(ic 
properties  of  soft  iron,  as  (he  tern- 
pcralurr  reaches  the  critirjil  point, 
is  much  more  sudden  than  with  sironir  maKnei'unK  forces.    In  Fiy.  483  lite 
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ili«  permeability  of  Midi  iron  and  the  tempera lurc,  as 
ns,  fi>r  dillerent  nioinicliKing  forces  is  shown, 
octiking  forccsi  it  will  be  mco  thai  t)ie  penneabiliiy  in- 
lb  ri(«  of  temperature  up  to  a  temperature  of  about  6cx>'  ; 
n  bocomex  very  much  more  rapi<l,  till  at  about  750*  the       1 
ilmosi  vertical.    The  permealnliiy  reaches  a  iruixiimiin       \ 
ralurc  of  775'.   Aboi'c  thit  lempcraiiirc  ll»cre  i*  a  siiddco        | 
pcnneabtlity,  aiwl  ai  a  tenipcratute  of  785'  the  pernieJt' 
ly  uiuty,  that  is,  llie  iron  has  h>»t  its  magnetic  propcrtiet. 
etiiinn  forces  (u^  4.0  C4;j'  uaits  and  over)  there  it  no 
rmcalHliiy  as  the  lemperatute  incretucs,  and  the  decrease 
lya»  ihe  critical  tetnperaiiite  \%  approac.lied  is  very  much 
d  commences  at  a  tcmperatiitc  of  about  670'. 
s  arc  obtained  in  the  case  of  biecl,  although  the  lots  of 
lies  i»  not  so  sudden  as  in  the  case  of  wroughi  iron, 
he  critical  point  is  at  about  300',  and    the    general 
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chamcteT  of  the  changes  which  gu  uii  wiili  rise  of  Icmperature  arc 
liimilnr  to  tliose  in  ihc  aaic  of  iron, 

.Some  Vfiy  irm.irkable  recults  wcic  obtained  by  Hopkinaon  for  a 
specimen  of  siccl  containiciK  i;   per  ocnL  of  nickel.     Under  ordiiuiy        , 
ctrciimst.iiices  ihiB  alloy  ib  iintna),'!) disable  at  ordinaiy  lemperaiun^  ;  if, 
h[)wn*er.  it  is  cooled  down  ia  a  leinperulurc  a  few  degrees  below  tero,  it 
becomes  ni.ngnetisablc.     If  now  ihe  [empemture  is  raised,  the  ni.iKnciic 
properly  is  retained  lill  n  lempcraiiirr  of  580'  i«  icarhcd,  when  il  again 
bt-comcs  non-niagnelic,  )ind  remains  in  ihis  «ale  till  il  has  been  a)-ain 
ronJed  below  icro.    The  connection  between  tbc  ir»duction  produced  by 
a  magnelisiiix'  force  of  (t.j  r.^.t.  units  and  ibe  tenipeiaiure  is  tbown  in 
fijt-  483.     It  will  be  seen  that  at  tempecalutcs  betireen  0°  and  580*  thii 
ailoy  tan  exisl  in  two  distinct  niagnelic  conditions,  both  of  which  ate 
sitabic,  one  condition  chungint;  into  the  other  only  when  the  tciiipcmtuic 
of  ibe  body  passes  thtough  one  of  two  fiKcd  valuct. 

In  the  catc  of  iron  the  critical  poini  ii  marked  by  the  xuddcn  chan)[« 
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I. 

r  o(  le^'craI  other  of  \xa  physical  properiio  in  addiiion  lo  the  chnnge  ia  its 
I  mntEnclic  coodiiioit.  TIiuh  thecc  ia  a  lapid  cliaii),'^  in  the  rate  at  which 
I  ihe  clecirical  resiiiance  of  Iron  changes  with  teinpcraiurc  near  the 
I  critical  point,  as  well  at  a  change  in  the  ihennn-elecitk  prDpcrtie^i  of  the 
I  Mibitance.     That  sontc  nuddcn  change  takes  pliice  in  the  physical  Male 

of  the  snbslance  at  thit  tcmpciaiure  is  shown  vctj-  clearly  I>y  the  plieiiO' 
mcnon  of  rrcaloirsrcncc.  If  a  pi<:cc  of  iron  or  sleel  is  healed  to  a  bright 
rednm  and  then  allowed  to  looI  slowly,  it  is  found  that  the  teinpciature 
ijradually  falls  till  llic  iriiiail  icnipcraiuic  \i  reached,  wlien  the  rate  of 
cooling;  becumes  very  mudi  less,  and  lu  wine  auei  the  teini>cratore,  at 
XKf  rate  of  the  surface  layeis,  may  even  riie  although  the  luii  of  heat  by 
nidialii>n  ii  going  on  all  the  time.  Thli  effect  may  t>c  compared  lo  the 
check  ill  the  rate  of  the  fall  of  the  temperature  of  a  body  which  ii 
changing  \\%  jiatc,  such  at  when  k  niiui  of  metal  jolidifies,  «o  that  ihtt 
evoliiiion  of  heat  at  the  critical  point  indicates  that  »onne  considerable 
chan);E  in  stale  occun  al  this  lempeiaiute.  The  cvoluiion  of  heat  in  the 
case  of  hard  steel  is  so  great  that  it  procluc«s  a  visible  incrcai*  in  the 
brigbiDcss  of  the  coohng  mass  of  metal. 

806.  Rysterest5.~Wc  have  already  referred  to  tbc  &ct  that  the 
permeability  of  a  given  Minplc  of  iron  <lepeniU  not  only  on  the  inagne> 
tinng  force  to  which  it  is  at  the  time  expmed,  but  also  dependi  in  soinc 
tnc&Hirc  on  tbc  naiuie  of  the  tnagne- 
lii.in([  fotces  to  whicli  it  has  been 
previously  exposed.  In  order  lo  avoid 
the  diicuiMon  of  this  eflect  in  the  two 
previous  sections,  wc  have  alH-ay«  as- 
sumetl  that  nc  Marletl  wiih  a  specimen 
of  iron  which  had  not  been  previously 
mafnetised.  and  thai  tlic  magneiisinjc 
force  was  then  gradually  increased  to  the 
niaiimum  value,  the  intermediate  vahict 
of  the  induction,  ic.  being  nieasurcil  as 
the  magnetising  force  nas  being  in- 
created. 

SuppoM  now  that,  starting  tntb  an 
tinmagnetiied  bar  of  iron,  we  gradually 
increase  the  magnctiiing  force  aod  dr- 
tcrmine  tlie  corresponding  values  of  the 
induction,  we  shall  in  this  way  olxain  a 
cam*  OAC  (Fig.  484)  timilai  10  ibc  ctirve 
gii-en  in  F^,  481.  If  now  when  tlie  jMini 
C  is  reached  lite  magnetising  force   it 

grwlually  decreased  and  the  value  of  the  rnduciion  is  again  meuuuied  ai 
H  decrease*,  it  will  be  found  thai  the  curve  obtained  docs  not  coincida 
wkh  llie  curreobiainetlwiih  increasing  values  of//,  but  has  the  formcn 


Magnetism  ami  Eleelrieity  ^  s^S 

Thti*  wben  the  nuif!ii«ii*ing  force  \%  Mro,  the  induction,  iii«i«»(l  of  bcinif 
MTo,  )ias  a  ralue  OD^  Tliis  b  or  course  due  to  ike  coercive  Torce  of  tbe 
iron  referred  lo  in  |  J17. 

If  now  the  directton  of  the  magnelirinf  fhrce  11  m^crscd,  the  curve 
r>KG  will  be  ohuincd  ;  while  oit  (tpcTcaxing  ihe  iHAgnciHing  force  to  Mn>, 
and  then  starting  with  it  in  it»  original  direction,  the  branch  gkbc  of  ilw 
curvy  will  be  obtained-  It  will  be  Men,  by  A  study  of  this  curve,  thai  in 
all  cases  the  magneiisatian  i^>pears  to  lag  behind  the  maKnetiiitiif;  force, 
and  to  this  pbenomenoo  (he  name  kyslfrtsii  has  been  applied.  If,  aRer 
ibc  1-alue  of  //  has  a^in  tcncbcd  its  maximum  pii.iiiive  vnltic,  tt  it  a|[ain 
decreased  lo  ibr  same  ncgnltt-c  \-ahic,  then  back  10  the  extreme  pONti^c 
value,  ihficun'cobiajnpd  will  be  verj-  nearly,  if  not  cxacily,  coincident  wiih 
ihe  rutve  cnPGKC.  The  tnagnelisins  force  reptescnied  In-  ok  or  OK 
rcpriMcnls  the  forcn  reijuired  to  deprive  the  bar  of  its  residual  mag- 
neii&ation.  Ii  muM,  however,  be  remarked  that  the  condition  repre- 
sented by  the  points  k  and  K,  at  which  the  induction  is  icro,  is  quite 
difft^rent  Irom  the  condition  at  O,  before  any  magnciisin);  force  bad 
been  applied.  If  when  the  bar  is  in  the  condition  represented  by  e 
the  force  is  redutcd  to  wro,  the  induction  would  become  po»iii*-c,  and 
the  condition  would  Ije  represented  by  the  point  L.  Even  if  the  mag- 
netising field  is  reversed  at  M  and  then  decreased  to  icro,  so  that  the 
condition  of  the  iron  is  represented  by  the  point  O,  where  both  the 
force  and  the  induction  are  icro,  the  condition  of  the  iron  is  diiTetert 
fnim  what  it  was  at  the  start,  for  if  the  magnetising  force  be  giadu.iHy 
applied,  the  B-H  curve,  as  these  turves  showing  the  relation  bct«-een 
B  and  H  may  be  called,  is  now  along  ON  and  not  along  the  OTigin.-il 
curve  OAiL 

If,  after  the  iron  has  reached  a  condition  represented  by  the  pobt 
B^  the  inagnciising  force  is  gradually  decreased  to  lero,  the  cur^'c  BRS 
is  obtained,  OS  as  before  representing  the  residual  magneiism.  If  now 
the  inagtieiising  force  is  gradually  increased  in  the  same  direction  as 
before,  the  curve  stb  will  be  obtained.  Thus  in  this  case  also  the  B-H 
cun'e,  when  the  v'alue  of  H  it  taken  through  a  cycle  i>f  values,  endotes 
a  loop.  Since  work  has  to  be  done  to  increase  the  induction  in  a  piece 
of  iron,  and  the  greater  the  existing  induction  ihe  greater  the  work  that 
has  to  be  done  to  increase  the  induction  by  a  given  .-unount,  and  thai 
during  a  cycle  a  greater  magnetising  force  has  to  Ix*  used  to  obtain  a 
given  induction  ivhile  we  are  iiiagnctising  the  in>ii  than  that  whidi 
corresponds  to  the  same  induction  when  the  magnetising  field  is  de- 
creasing, it  follows  that  more  work  is  done  during  the  time  that  the 
rod  is  being  taken  from  R  to  c  than  is  done  by  the  magnetism  of  the 
rod  while  it  is  passing  along  K'Va:,  Hence  a  certain  ainoimt  of  work 
has  to  be  done  to  carry  the  rod  toiind  the  cycle  represented  by  the 
curve,  and  it  can  be  shown  that  this  amount  of  work  is  represented  by 
the  area  of  the  loop  included  by  the  curve.     The  energy  expended  ia 
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doing  this  worlc  appcnrs  at  hcni,  which  i»  ticrclopcd  in  Uie  tion  u  a 
consequence  ofihc  rhaiij(et  in  iu  nuifnictisaiinn. 

The  fnct  tliat  work  has  lo  be  done  to  take  a  piece  of  iron  through  B 
m.i]fncii<.'  circle  can  l>e  proved  as  follows : — 

Sup|>o!ie  we  lw<*c  a  jonj;  ihin  rod  of  soft  iron,  ss  (FiK.  48411),  inclined 
at  an  trngXc  (t  to  the  Unci  of  force  of  a  unifoim  licld  of  eitcnutli  u.  The 
compoocnl  of  the  field  parallel  to  the  IcUKih  of  the 
field  in  11  coK  B.    Sow  if  ihe  rod  is  iiiflicienlly  long  ^H 

and  thin  wc  niay  neglect  the  effect  of  the  com- 
ponent of  the  field  at  riKhi  angles  to  the  length 
of  the  rod  when  wo  arc  cnloilntinji  the  turning 
CDupIo  acting  on  it  due  to  the  field  H.  Henre  if 
we  call  the  compotit^nt  of  11  parAltcl  to  ihe  lengtli 
of  the  rod  F,  so  tlui  F=iic<isS,  the  imensity  of 
magneliuliun  of  the  rod  is  th',  where  k  is  the  sus- 
ecpiibility  of  the  iron.  The  magnetic  moment  M 
of  the  rod  bcinfC  cijual  lo  the  product  of  the  volume 
into  the  inlcnEiiy  of  inaj;ncii&ilion  (§  501),  iff  is  the 
volume  of  the  rod,  we  have  M  ^i  tF^t  ill  ^ai  0. 

But  ^  4Z$)  the  tumiog  couple  action  on  a  Ftr^  4S4A, 

magnet  of  niument  "A  when  inclined  at  an  an);le  6 

tothelinci  of  force  of  a  field  H  isMH  lin  ft  Hence  the  tnmins  couple  on 
the  rod  ii  vtff  cos  d  wn  6,  lending  10  rotate  the  roil  in  a  clockwiie  direc- 
tion. Suppose  that  we  now  itiin  the  rod  in  an  anticlockwise  direction 
through  a  very  unall  angle  M,  the  work  hw  nhicli  we  shall  have  to  do 
will  be  equal  to  16  tiinv!>  the  couple  acting  on  the  rod.  Hence  iw^ 
vtf/'coi»vne.S$. 

A<  the  iron  Itimt  through  the  small  angle  iff,  Ihe  component  of  the 
field  parallel  to  the  length  of  the  rod  changes ;  if  2/-'  is  tbin  change,  tlien 

F-6F~/i  cO9i0+Sff) 

"  //|oos  $Qt»&6-  Hn  fi  sin  t>0\. 

Now  as  it  n  very  sniatl,  cos  i6~  t  and  cin  h6—iB.    Hence 

/■-5/-»//!aMtf-»in#J».| 

Therefore  since  F=  II  cos  (J, 

tF-HvaOSS. 

Thus  H  sin  6.dB  \\  equat  to  the  dccrta»c  111  F  while  the  rod  ha*  liecn 
turned  ihrou^jh  the  angk  h&,  x\\\n  iiubMituting  thi»  value  fur  //sin  d.M, 
and  /■  for  //  c«*,  6  h-c  get  *«:•=  vkthF,  or  since  the  intensity  of  magne- 
tisation /  ts  equal  to  kF,  iw^vUF. 

In  obtaining  ilm  expression  we  have  9.uppoi«d  that  while  tlie  rod  wta 
tiimcd  ihrmigh  the  vx^ri-  small  angle  9d  the  change  in  /'.  that  >>,  in  tbe 
ccanpotieni  at  the  lieM  parallel  to  the  length  of  the  rod,  was  10  small  that 
we  could  coD&idcr  il>c  susc«pttt>ility  It  as  being  constant  thrmighoui  the 
change.     If,  however,  we  wish  to  calculate  the  work  done  white  the  rod 
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nroutcd  tluuuKh  some  fiail«  an|{lc^  styfrotn  tf-^^,  to  4c0i,  then  since 
F  will  vary  cuniinUrrably  ««  »n  na  longer  conuder  i-  as  a  conMiini 
(I  J04).  To  obtain  llitr  total  wotlc  done  in  turnini;  from  Ox  to  6^  we  tup- 
poi«  the  chanjt*  to  wke  pkifc  in  a  lnt(rc  number  nf  sfty  unaJI  aieps. 
(lurinK  isii:h  irf  ■hifJi  ^  chnngei  1>>-  an  amount  */■',  and  (<>r  eacli  of  tlic>e 
step*  wc  r^-ilcukte  the  vnliic  of  vtl  if,  or  of  vlH',  and  then  add  all 
ih<"v  Hvgcihcr  m  obtain  the  total  quanltty  of  n-ork. 

In  Fig.  A&it  let  P  represent  ihc  i^lcn^ily  oi  nu^notisaiion  uf  the  iron 
when  its  inclinntion  to  the  Iktd  H  xi  0^m 
that  OM  rcpicvcnii  F  or  K  OS  0,,  snd  let  Q 
reptcicnt  ttie  condiiioii  of  the  iron  wlHfn 
the  rod  hut,  been  luintd  so  iliui  ii  makes  an 
iin(;)e  #,  with  the  difrdioii  of  II.  Further, 
let  the  curve  I'STiJ  represent  lh<r  connection 
which  holdsbetuecn  iand»'a»  f  is  j^^tviua/ 
^ni  ou  to  ON.  Now  if  N,N,  icprescnts  one 
of  the  sninll  step*,  &r,  by  whiclt  P  is  Rip- 
posed  to  Iw  decreased,  the  corrcspoi>din|t 
vnliii^  of  t  is  N,s  or  NjS  which  il  n,n',  is 
sufficiently  snull  may  be  taken  as  eqiiaL 

=f.x«rc«  TSNtN~ 
Proccedingi  in  this  vay  it  is  evident  (hnt  the  total  work  done  while 
the  iron  pliues  from  I*  to  Q  will  be  leptescnted  by  t)i(^  sum  of  all  ibu  strips 
soch  a»  ■RN,Nj  multiplied  by  %;  i.t.  by  p  limes  tlic  -irrn  F'ST<;iNM. 

Next  nllow  the  iron  to  turn  back  to  its  original  poiiiion,  so  that  V 
ittirtaiis  from  H  cos  ^  10  H  cos  ri,.  As  ilie  rod  is  moving  in  the  direc- 
tion of  Ihc  couple,  it  is  able  to  do  external  work  ;  and  to  esiilruiie  its 
amount  wc  add  togcrhcr  nil  the  qnaniiiies  vtdF,  whetc  the  values  of  i 
will  be  diffcreiu  front  the  values  used  in  the  corresponding  steps  wbcn  r 
was  decreasing,  Mncc  the  intensity  of  nia^netiution  depends  not  only 
on  the  strength  of  the  magnetising  field,  but  nlso  on  whether  this  ficici  is 
increasing  or  decreasing.  If  the  rod  has  been  iiimrd  fiom  d,  to  ff,  and 
hack  several  limes,  the  rur\'c  connecting  I  and  r  <iher  v  is  incicasing 
will  be  somewhat  like  ynp  (Fig.  4841^),  and  will  meet  the  curie  from 
decreasing  calues  of  r  at  Q  and  P.  Tlic  work  done  by  the  lod  when 
lurning  from  the  inclination  fi,  to  the  inclination  ff,  will  then  be  icpre- 
tented  by  v  timet  Oic  area  qrPMN. 

When  the  iron  is  back  in  the  condition  Tepr«^»enied  by  P,  its  state  is 
exactly  the  same  as  at  the  start,  so  that  wc  have  taken  it  throiigh  a  cyrle 
of  operations.  Wc  have,  however,  done  more  work  on  it  while  turning 
from  $1  to  6j  than  we  got  out  of  it  while  it  turned  from  fi,  10  0,,  l)<e 
amount  of  this  excess  work  per  unit  volume  of  the  iron  being  lepi'CStnted 
by  th«  area  of  the  loop  PSqrp.   "This  work  represents  tlie  loss  due  to 
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hyiierwl^  dtirirg  ibc  cycle,  and  the  corrciponding  cneTgy  « ivpreKnied 
by  Ihc  hfiit  (tevtlojicd  in  tbi"  imn. 

607.  Ewlng's  Uoleoular  Theory  of  Matrnetifim.— since,  as  w-c 
have  »e«n  in  g  430,  \i  wv  br«jik  up  a  maKDCU  each  uf  the  pan^  into  wliich 
it  is  broken,  however  smalt  lliey  inav  be,  is  in-ignetiicd,  »-c  arc  led  lo 
look  upon  timtt'iieiisin  us  smne  condition  of  the  tiiu'vcul«,  and  thai  tbc 
phenomenon  of  magnelism  consists  of  these  tnolcciiloi  mnjfneti  beinj; 
placed  with  their  pole*  poiniinj;  in  ihe  i.ime  direction,  the  end  poles 
bcinfT  the  only  onci  uhich  are  free  to  Muse  any  exicmal  effeci.  Auum- 
in|;  that  in  .1  ma^inei  the  ir.dividuAl  molecules  of  a  msjjnet  arc  themselvei 
m^KDets  there  arc  two  hypoiheae^  open  10  U4  i  either  we  may  sappoie 
ibal  in  the  unmagnetised  Mate  of  the  bar  ilie  molecules  Ihenuelves  arc 
unmagnetiscd,  and  UMume  that  when  the  bar  it  masnetiied  ihc  ninlerulct 
in  tome  way  or  other  becomes  m.-ixneii»c<I,  a  supposition  whir.h  docs  not 
in  any  way  assist  us  in  explaining  any  of  tbc  phenomena  we  have  been 
con^idcrinjt  in  the  picvious  tectioDK ;  or  we  may  -tuuine  thai  the  individual 
molecules  are  alw'ayi  majinetised,  and  tbal  what  happens  when  the  bar  i> 
nu^nctited  is  that  these  molecular  magneto  arc  turned,  so  thai  their  like 
poles  aiC  turned  in  the  tome  diicclion.  On  thi!>  hyputhcsts  an  uniitag- 
netiied  bar  is  one  in  which  the  molecular  nugiieis  aie  arranged  wiih 
their  axr«  turned  in  all  directions,  there  bcin|;  as  many  with  their  axes  in 
any  one  direction  as  in  any  nihrr,  and  that  the  action  of  TnaKncli(in|{ 
the  bar  consists  of  tiirninj;  a  certain  proportion  of  the  molecules  to  that 
their  magnetic  axes  all  point  tlic  aaiiie  way  ;  ihc  greater  the  number  of 
molecules  in  the  tmii  volume  which  arc  in  this  way  turned  into  line,  the 
greater  the  iinensiiy  of  magnetisation  of  ihe  bar.  This  theory  of  mag- 
netism, which  wa*  lii^l  due  10  Weber,  lias  been  worked  out  by  Ewing, 
who  has  given  an  explanation  aa  to  the  causes  of  the  forces  which  must  be 
ai^uimed  10  exist  to  account  fbr  the  fact  that  all  the  molecular  magnets 
do  not  MTl  themselves  with  llicir  axes  in  the  direction  of  the  magnetising 
force,  howciixr  small  this  force  may  be  ; 
and,  funlier,  is  rap-ible  of  explaining  most 
of  the  phenomena  of  magnetism,  such  as 
Mlumlion,  hy^lereMS,  &c 

ri«e  main  features  nhich  any  theory 
of  m.^gociism  has  to  cxpUin  ate  hystere- 
sis, saturation.and  the  three  characicrislic 
portions  into  whkh  the  curve  thowif.g  the 
connection  between  the  ntagnetining  force 
and  ihe  intensity  of  il>e  induced  ntagnc- 
ibatioR  can  be  divided.  Huch  a  curve  for 
■ton  is  shown  in  Kig.  4SJ,  and  ootisisis  of 
ihrrc  parts,  A,  K,  and  c,  which  mark  three  distinct  stages  in  the  proceu 
of  magnetisation.  In  the  first  stage.  A,  the  susceptibility  JjH,  u  small, 
the  curve  itantng  off  at  a  small  indinaiioo  to  the  axis  of  H.    in  '* 
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second  stage,  li,  the  suMrcpiibitily  increasa  very  lapiilly,  (luit  is,  a  siiall 
increase  o(  tlw  niajfiietiMnK  force  prwUicct  a  rrliitivrly  liirge  it-orase  le 
the  iiuliiced  magnetiKition.  In  liie  third  siakc.  C  llie  increase  or  tbe 
intensity  of  innenclisniinn  with  incrcaM  of  //  n  skiw,  and  for  t-cry  buge 
values  of  ff  pracikally  iiiL  There  is  also  s  marked  difTcrcncc  as  rcRnrtU 
liyMcreais  between  the  section*  of  the  cuivc.  In  ibe  first  section,  on  the 
Tenio»-alo(  the  niiiKnetlsinglbrce,  the  iron  loses  nearly  all  ii*  induced  maif 
neiisin,  there  being  hardly  any  hystereiiv  In  ilie  second  portion,  however, 
on  tlic  removal  of  the  magnetising  force  the  iron  is  able  lo  retain  a  con- 
■idcrabic  prnportiati  of  its  mntnieiism,  while  in  the  third  U^tie  iHc  anwont 
of  lite  rciidnnl  maj^etism  h  hardly  greater  than  in  the  second  stajte^ 

As  an  introduction  to  Ewing'a  theory,  let  us  consider  the  case  nf  two 
small  nui^neiic  nc«dl«s.  wMcli  are  supported  on  lixed  pii-ots  nc-ir  each 
other,  bul  not  so  near  tliat  the  poks  of  the  ne«dle«  c;tn  come  in  coDtacL 
If  there  is  no  exienul  field  iheie  needles  will  take  up  a  position  wich  u 

ihat  shown  at  (a). 
Tig.  486,  in  which 
theaxesoflhe  mag- 
nets ate  parallel  10 
__H  thrlinesjoininKihe 
piv-nis.  Suppose 
now  thai  an  exter- 
nal mnynetit:  force, 
which  is  at  firM 
weak,  acts  in  the 
direction  of  I  be 
nrmw  H.  As  a  re- 
sult of  tills  weak  eiieniiil  field  the  luacneis  will  be  slightly  dcfleciciL 
and  on  the  removal  of  the  fiuld  they  will  return  to  their  nri];iiial  pouttoos. 
I'his  corresponds  iti  ihcsiajce  A  of  the  I-H  curve:  If,  hnwcrer,  the  value 
of  //  is  increased  a  stage  will  at  length  be  reached  when  the  niiisrcti  uill 
suddenly  Hy  round  into  the  pof-iiions  shown  at  (e).  On  further  in<;rcasia|i 
//,  tlie  magnets  will  set  themselves  more  and  mor*  nearly  with  iheir  axes 
parallel  to  the  direction  of  the  field,  [f  now  the  value  of  //  is  gmdually 
decreased,  the  inclination  of  the  axes  of  the  magnets  lo  the  direction  of  11 
will  gradually  increase,  until  for  some  value  of  //,  which  will  be  k*»  than 
that  for  which  thcsuddcn  swing  round  occurred,  the  magnets  will  suddenly 
return  to  the  position  shown  nt  (*).  Wehaic,  therefore,  in  this  excessively 
simple  arrAngemciiI,  three  di«linrt  stages;  the  first,  in  which  the  mag- 
nriiting  Acid  only  prodnces  a  small  deflection,  which  is  such  that  on  ibe 
removal  of  the  magnetising  force  the  deflection  becomes  lem.  Secondly, 
a  stage  where  llic  magnets  reach  an  unstable  position  and  then  suddenly 
swing  round  into  a  new  conftguraiiun,  and  where  this  configutatioD  does 
not  break  up  until  the  deflecting  force  reaches  a  value  smaller  than  that 
for  which  the  unstable  condition  was  reached  when  // wasmcre.ising;  and, 
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Uiirdlir,  it  siag«  when  increase  of  H  nnljr  produces  a  small  incKasc  tn  ihe 
alignment  of  ihc  inagn«is.  Thus  with  only  two  magnets  aii  indicaiinn 
of  the  chief  peculiarities  of  the  magnet i sat  iuu  cuive  can  be  oliUined. 

IJ)'  considering  much  larger  numbers  of  such  piroietl  magnets  a  much 
nearer  approacli  to  ihe  phenomena  actually  found  in  ilie  case  of  llie 
m3f:nc-llwiion  of  a  maitnclii:  melal  can  he  otJlnincd.  \Vc  have,  however, 
mill  enough  In  indicate  the  line  of  argument  by  meant  of  whirh  Ewing 
supptnu  his  theory,  and  for  further  details  we  must  refer  the  reader  lo  his 
original  papers  on  the  subject 

In  order  lu  account  for  the  lieat  developed  in  iron,  due  lo  hysteresis, 
sIkh  it  is  talccn  ihrouRh  a  cycle  of  maKnclisittion,  Evrini;  supposes  thai, 
on  the  decrease  of  the  magrieiiunj;  force,  the  molecular  magnets  return 
towards  their  undisturbed  positions,  and  in  doinK  so  acquire  kinetic 
energy,  so  that  instead  of  immediately  coming  to  icft  they  will  execute 
otcillaiions  about  their  position  of  rest  till  the  kincik  energy  thus  acquired 
is  conveited  into  lital  due  lo  the  currents  induced  in  neighbouring 
molecules  (see  §  516). 

In  t)i«  above  molecular  theor>'  of  magnetism  no  supposition  ha*  been 
nude  as  lu  the  caute  of  the  molecules  bcint;  matfnets.  To  account  for  ihl* 
Ampire  put  forward  the  hypolhr^is  that  the  maipictism  of  the  molecule 
was  really  the  field  of  an  electric  current  which  circulates  continuously 
within  it-  In  oider  to  account  for  the  fact  thai  these  molecular  currents 
must  continue  without  diminulion,  it  is  necessary  to  suppose  that  the 
molecule  ufTers  no  resistance  to  the  circulation  of  these  in  Ira- molecular 
currents  such  as  occun  when  a  current  passes  bet«-e«n  one  molecule  and 
another  in  the  phennmenon  of  cond union. 

The  direction  in  which  the  .-Vrnpfrian  molecular  cuTTcnta  must  be 
supposed  to  cttcoUtc  can  at  once  be  obtained  from  either  of  the  rules 
given  in  §  471.  Since  if  we  face  a  north  pole  the  line*  of  force  lun  from 
ibc  pole  towards  us,  and  in  a  circle  conveying  a  current  ihc  hncs  of  forc« 
finw  towards  the  spectator  when  the  currant  circulates  in  the  anticlock- 
«ii«  direction,  it  follows  that  when  facing  the  north  pole  of  a  magnet  the 
molecular  cuirenis  must  circulate  in  the  aniidocknise  direction. 

In  il»e  sanic  way,  if  we  suppose  that  the  earth's  magnetic  field  is  due 
to  currents  cin:ulatin){  mund  the  canh,  since  the  pole  near  the  geo- 
graphical north  pole  isnhat  we  r^ill  in  magnetism  a  M>uth  pole, it  Mlows 
ibal  the  currents  muii  How  in  the  cast  to  w«sl  direction,  ibat  it,  in  Uic 
aamc  direction  as  ihe  apparent  motion  of  the  sun. 

608.  ParanuL^etlc  and  Diunagnetie  Bodlfls.— Iron,  nickel,  and 

cobalt,  the  so-called  magnetic  metals,  arc  nuierials  in  which  the  pcrmca- 

1      bility  is  greater  than  unity,  that  is,  greater  than  the  permeability  of  ur. 

I     lit  addition  lo  these  bodies  there  are  olhera  in  which  i)i«  permeability  is 

r     only  ^-cry  little  grr-atcr  than  that  of  air.     All  these  sultttanccs  are  claucd 

together  as  para  mat;  net  ic  hodirs.  TIcc  great  majority  of  substa 

ever,  have  permcabilitiea  less  than  thai  uf  air,  and  are  called  diaiit' 
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T1»«;  CJilrnt  (o  whkh  IxKltcs  cxhil«I  <1iAnMi;'>c<'*<n  is  Iwwevtr,  very  niutl 
sinaDcrtlian  live  param.icitciiini  of  iron,  nickcl,aridcolM[t.  'MiuibiimuiK 
the  moit  stranKi)-  diamasiictic  bodj-  known,  )ia»  a  pcmtcabirit)-  ato.<f^ 
while  the  penneabitity  of  iron  under  ctrn.iiu  coiidiiions  is  ai  hijih  a«  3poa 
If  a  rod  of  a  diiimai;'><^''c  inalcrinl  »  iniroduccd  imo  a  ni.ij^clk 
field,  il  will  hccniTK;  ma^fnciii^  liy  induction,  hut  lh<:  poles  will  lic  tn  the 
opposite  dirrciion  to  ului  they  Hxmld  be  in  the  cnxe  of  a  parama^'nrlic 
body,  so  tluit  ihc  south  pole  i^  turned  low.irdi  the  direction  in  whkh  the 
lines  of  forte  of  tlie  inagiiciislng  field  arc  running. 

'Ilie  fact  tbnt  in  dinmaKnetic  bodies  the  peiineabihiy  15  lera  ihaa  St  b  ia 
air  means  thiit  the  indiiciion,  B,  lhraut;h  Ihc  body  is  less  than  the  value 
oi  the  Acid  whirh  would  exist  if  the  biMly  were  rtmuvcd.  Thi«  can  caly 
bold  if  ihc  lubi-s  of  force  due  to  the  mn){nciiiim  induced  in  the  body  xmk, 
wiihinihebody.  in  the  opposite  direction  10  ihc  lubenof  force  of  ihelield. 
In  order  that  the  tubes  oj"  lore*  due  lo  ihc  induced  nia(;ueti-fin  of  Ihc 
body  may,  in  the  body,  run  in  the  u|)posite  ditcctinn  10  Ihc  iiibe>i  of  force 
of  the  inducing  field,  11  nonh  pole,  tliai  is,  a  place  where  tube*  of  force 
leave  the  body,  must  be  foimed  al  the  end  of  the  Iwdy  which  is  turned 
lowardi  the  jlircrtion  from  which  the  lubes  of  force  of  the  field  eoler  the 
body.     Hence,  when  a  diaitiagneiic  body  it  introduced  into  a  uniform 

magnetic  held,  ihe  linn  nf  forte 
within  the  spni^c  occupied  by  the 
body  are  fewer  than  there  would  be 
in  ihis  space  were  the  body  removed. 
On  Ihc  other  hand,  outside  the  body 
the  lines  of  force  will  be  more  clotely 
packed  than  they  wuiild  he  in  the 
ahsencc  of  the  body,  for  nuiVide  the 
body  Ihc  lubes  of  force  due  to  the 
induced  ma^jnetisaiion  of  the  dia- 
inagnetic  body  are,  on  ihe  whole,  in  the  same  direction  as  the  tub** 
of  force  in  the  litlcL  In  Fijf.  487.  ihe  hncs  of  force  of  a  uniform  field 
in  which    a    sphere    of  n    stronjily    dinningneiic    material    ha«    been 

introduced  arc  shown.  The  cotrc- 
sponding  ca.ic,  where  the  st)hcre 
is  composed  of  a  pAraniagnetic 
tiiairrial,  is  shown  in  Fig.  488.  It 
will  bu  noticed  how  in  this  case  ihc 
lines  of  foti.e  crowd  into  the  sphere, 
and  ate  more  widely  spaced  in  ihc 
region  outside  the  equatorial  por- 
tion of  iho  sphere. 

Suppose  iliat  a  bar  of  a  pam- 
majjnHlf  nmterial  AIi(Fig,  4B9)  is  placed  in  a  magnetic  field  of  strenRih  //. 
the  direction  of  whith  makes  with  ihc  length  of  the  bar  an  angle  f.    We 
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may  resolve  the  field  //  intn  a  component  H  cos  6  parallel  to  tli«  axil  of 
the  <:ylin(lcr,  nnd  a  compi>n<:ni  //siii  Q  perpendicular  to  tlieaxia.  If/)  is 
Ihc  intensity  of  llicmagnciisaiion  piiTalkl 
lo  ilio  axis  induced  by  the  coinpuncnt 
H  cos  Q,  and  if  k  is  ihe  sii!iccptil>ility  of 
the  iron,  und  the  It-ngih  of  die  cylinder 
15  M)  gicat  that  llie  demagnetising  force 
due  to  the  induced  pole^  cin  be  ncgleaed, 
«rc  have  /,=^J^//cos  6.  If  the  length  of 
the  cylinder  is /and  its  cross-section  is  t, 
the  volume  is  il,  and  since  ihe  mngnelic 
moment  of  it  magnet  i»  equal  lo  the 
product  of  its  volunie  into  the  intensity 
of  magnetiaaiion,  the  momcitt  of  the 
cylinder  due  to  the  majjnctisaiion  in- 
duced by  the  ciiinponenl  of  the  field  paralle!  to  thenxilisi/.  j(//cos  tL 
Now  in  %,  42}  it  wa«  thown  that  the  couple  acting  on  a  ina».itet,  of  n'hich 
the  moment  is  M,  lending  to  turn  it  inl«  paialk-lisni  with  9,  field  of 
dirength  //,  when  its  axis  makes  an  an^de  Q  with  the  direction  of  the 
field,  ii  .1///  sin  6.  Hence  the  couple,  due  to  the  niagneliim  induced 
by  the  component  parallel  ta  the  axi«,  tending  to  turn  the  cylinder  ii 
j/*//'costftinft 

The  component  of  the  magnetising  field  at  right  angles  to  the  axi'i 
will  also  induce  a  magneiisation  in  it*  own  direeiioo.  In  this  ow  the 
magneii»ins  fiurce  will  be  much  leu  than  H  sin  Q,  on  account  of  the 
drmagneliiing  force  exerted  by  Ihe  ends,  and  it  has  not  yet  been  foun<l 
posiihie  10  ritlculate  exactly  uhat  this  cITcci  will  be  in  such  a  cane  a^  that 
wo  arc  considerintf  If  we  consider  ilic  liar  as  a  spheroid,  of  which  the 
major  axU  is  very  much  grraier  than  the  minor  axis,  the  laicustiy  of  the 
iransi-ene  magnetisation  can  be  shown  to  be  given  by 

Hence  the  magnetic  moment  is 

and  the  turning  moment  exerted  by  the  lield  is 

Itk 

T^^^^^smffcosfl. 

and  is  In  the  oppoqiie  direction  10  the  moment  due  lo  the  longitudinal 
magnelisaiion.    The  total  turning  moment  is  therefore  gi>^n  by 


In  the  one  of  iron  iit  a  mugnetiting  field  about  KpwTl 


l*-,*^4 


////'sinflcosA 
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eanlt  in  these  totiiuilH  k  it  about  30^  n  that  Ibe  lerm  -:  r— v  is  «qia1 10 

1.6,  and  M  b  snull  oanipared  10  the  lenn  k.  The  cylinder  oT  iron  tbm 
tOKb  to  set  iiujr  [>aialtFl  to  tlic  direction  of  lli«  field. 

In  the  case  or  u  diamu^neiic  body  the  vulue  oT  .(  is  so  xmall  th*I 

I  -I-  xwk  ii  pcadically  ttniiy,  ttixl  ibe  lenn  iT^j,  **  very  ncnrly  equal  to  i. 

so  itut  in  a  uniform  ImM  tlwrr  is  no  mrAsumhlc  dirrctivt:  lurtc  niCrlnl 
apon  evrn  a  o''"'*''*'  "f  boHnmh  (*—  —0,6  ler*).  Wheii  a  diamjgnetic 
cyliivdcr  b  pii^ced  hctwtvn  the  poles  of  a  strong  vtcciio-ni;it;ne[  it  -a, 
h)wcv«r,  foinxt  that  the  cylinder  icndi  10  turn  so  as  to  set  itself  will)  its 
lengtti  ai  riffhi  nnxtci  to  the  lines  of  fhroc  The  rcnson  is,  that  the 
field  between  ibo  poles  o4  such  a  niagnel  h  not  unilbtin,  being  stronger 
iKuir  the  centre  llian  at  llie  edg**  *"<'  '**"  diamagnetic  body  lunis  w 
that  as  much  of  itself  as  possible  b  in  the  nrakcr  pan  <A  lite  fieW.  In  a 
di.ini.iKi'^tic  biidy  the  penncability  U  less  tlian  unity,  while  the  permea- 
bility of  •iir  is  unity  nnd  the  medium  with  the  higlier  pcnneatnljiy  lends 
to  force  the  other  away  from  the  sironj;t-T  pans  of  the  field,  so  that  the 
j;rcate«  number  of  tubes  of  induction  may  crowd  into  .1  given  spctcc. 

Solids  at«  not  (he  only  Iiodies  which  exhibit  maj;nctic  prupenics ;  thus 
OKysen  and  srnnc  solutions  of  iron  salts  ar«  paramagnetic,  while  water 
anil  alcohol  arc  diama^elic 

By  meana  uf  iheie  titiuidt  it  can  be  shown  thai  ihc  direction  in  wlMcti 
a  cylindrical  tube  filled  «iih,  say,  a  paramagneiic  liquid  icn<l*  to  set  itself 
dcpend.H  on  the  susceptibility  of  ihe  surroundinj;  medium,  nius  a  tube 
containing  a  weak  solution  of  ferric  chloride  will  in  air  or  water  set  itself 
p.im1lel  to  the  direriion  nf  ihc  fleld,  since  tis  susccplibilily  is  grcaiCT  ihaa 
that  of  either  air  nr  water.  If,  however,  ii  is  surrounded  by  a  stronger 
sotutinn  of  ferric  chloride,  it  will  behave  like  a  diamaiinetic  body  and  b« 
iiMlf  with  its  length  perpendicular  to  the  direction  of  the  linef  of  force  of 
The  lield.  Thii  efTect  i«  at  once  explainable  if  wc  consider  that  when  the 
lube  coniaininjt  the  weak  solution  is  placed  in  the  Mronger  soluiiun,  since 
the  pcnncabiliiy  of  the  contents  of  the  lube  is  less  than  that  of  the  sur- 
rounding medium,  the  indunion  throiijjh  the  tube  will  be  less  than  that 
which  would  C.iisl  if  (he  tube  were  removed,  and  the  tube  is  practically 
diamagnetic  with  respect  to  the  surmunding  sirongcr  solution. 

It  is  therefore  evident  thai  in  order  to  nccoiint  for  diamagnctisin  it  h 
not  neceiwtj*  to  asiunn!  ihiii  these  bodies  have  a  negative  susceptibility, 
but  only  that  their  susceptibility  is  leas  than  that  of  ajr,  or,  since  the 
susceptihiliiy  of  air  and  of  a  vacuum  are  verj-  nearly  the  same,  less  than 
thai  of  s  vacuum.  Since  the  susceptibility  and  the  permeability  are 
related  by  the  equation   , 

>i=i+4)ri-, 

and  that  for  the  must  diamagnetic  body  known  the  susceptibility  is  less 
than  1/47,  the  permeability  will  in  all  cases  be  greater  than  Mro. 
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CHAPTER    XU 

FOKCBS  ACTING  ON  CONDUCTORS  CONVEYING 
CURRENTS 

&09.  Force  acting  on  a  Straight  Conductor  conveying  a 
Current  when  placed  in  a  Magnotlc  Field,— Ifa^iraifilu  cintlucior, 
in  whkli  a  current  is  tluwiii);,  h  pUced  in  a  iiiagnclic  licld,  60  ihni  it  it 
at  rtf;hi  an^-tcs  to  the  Iiiic«  of  force  of  the  licld,  then,  owing  lo  th* 
RMKDClic  licld  due  la  the  cutrrnt,  the  distribulion  of  llie  i'laa  of  force  pf 
(he  licld  will  be  allcml.  \a  Vig.  490  ate  thown  the  lines  of  force  due  to 
a  conductor  wliich  ti  pcrpcndiiular  to  the  pbnc  of  the  paper  and  passes 
through  t)te  point  A  when  placed  in  u  uniform  uiagnciic  field  in  whidi 
the  lines  oi  force  ran  parallel  to  the  line  cii.  KcmcmbcrinK  that  «e 
have  every  rcftuin  lo  xuppoM  that  there  exists  a  tension  alon);  the  lines 
of  force,  and  a  prcs«uTcat  right  anKlrs,  while  the  lincsof  Ibrceactiuif  ihcy 
■rcrc  connected  with  tho  body  by  which  ihoy  are  produced,  it  is  evident 
Ihat,  as  a  result  of  the  crowding  of  the  lines  of  force  un  one  tide  of  the 
conductor,  and  their  separation  on  the  other,  the  conductor  conveying 
the  current  will  be  acted  upon  by  a  force  in  the  direction  of  the  arrow. 

If  the  nirrrnl  flows  dnwnwnrdK,  the  lines  of  forrc  are  circlet  which 
run  in  the  clochwiic  dirertion,  and  at  the  upper  part  of  the  diagnun  ibey 
aircngllwR  the  nuKni-tic  field,  since  they  run  in  the  same  direction  as 
the  lines  of  force  of  the  lietd.  In  the  lower  part  of  the  diagram  the  lines 
of  force  due  to  the  current  and  to  the  licld  arc  in  oppoiiie  diteciions,  and 
therefore  tbe  resultant  magnetic  field  i»  the  difference  of  the  licids  due 
to  the  inxi  caum.  the  direction  in  which  ibe  rnndiictor  tend*  to  move 
is  therefore  at  right  anjileji  to  the  direction  of  the  lines  of  the  field,  and 
towardi  the  part  of  tlic  field  where  the  lines  of  force  dus  10  the  cumiDt 
arc  in  the  oppoiiie  direction  to  the  line:!  of  (on-c  of  the  field.  Since  Um 
direction  of  tbe  lines  of  farce  of  the  current  can  at  once  be  remembered 
by  osie  of  the  rule*  ][ivcn  in  §  473,  the  direction  of  the  force  acting  on  a 
coaductor  in  a  magnetic  field  can  at  once  be  remembered.  Fkming  I 
given  a  convenient  rule  for  icmemlicrini;  the  direction  in  which  a  ■ 
doctor  contx-ying  a  current  in  a  maBnciic  field  will  tend  to  nwre.  If  I 
index  fmger  of  the  ie/i  hand  is  held  pointing  in  the  direction  of  llie 
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of  force  of  ihc  field,  And  th«  middle  finger  in  the  direcliun  of  the  nuTCBl, 
ibc  conduGiur  will  lend  to  move  in  the  direction  of  the  outstreldied 


or  roiKi  or  rmo 


(hiimh,  nnd  at  riglil  angles  to  the  lines  of  fnrrc  of  ihc  tield.  A  study  of 
Fig.  49"  will  make  the  mailer  fl«»r.  Thus  n  venicfll  wire  in  wliicli  a 
current  was  flowing  downwards  would,  on  accouni  of  the  earth's  hoij- 

lontut  coniponi'iit,  be  acted 
upon  by  a  Tortp  lendinj:  to 
move  it  in  an  caitcrly  dircc- 
tioti.  In  i)ii«  case,  according 
,   1 1  (o    our    rule,  ilie    left    hand 

I  5  S  must  be  held  nith  tlie  index 

\\  finger  pointing  towards  the 

«  narth,  since  ihe  linci«  of  force 

of  the  horiioniftl  romponcnt 
of  the  esinh's  field  tun  from  south  to  norlti,  flnd  with  ihe  middle  fia^t 
po'miinK  downwards.  The  out^ttetched  thumb  will  ihcn  point  towards 
I  he  east. 


Fta.491. 
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Ampere,  who  ma<l«  a  tengihy  series  of  cxperimmis  on  Uie  forces 
acting  OD  canductuTs  in  irhith  ciirrenu  ute  dowing,  sliuwod  thai  if  a 
ctmdiK^lor  of  lenf^h  /is  travenied  by  a  cutxent  of  C  <.g.t.  uniis,  an<!  ii 
plnoed  at  rijfht  nn{[1e«  to  ihe  lines  of  force  of  a  unifonn  inugncitc  field  of 
strength  H,  the  force  nciint;  on  the  cnnducior  n-i!1  be  eiiiial  lo  A.'//.  If 
Ihe  current  i*  measured  in  amperes,  then,  since  the  ampere  i»  one-lenlh 
of  a  f^j.  unit,  the  force  will  be  or>c-tcnth  of  the  above. 

If  the  conductor  is  not  at  right  angles  to  ihc  direction  of  the  lines  of 
foroe  of  the  field,  in  cakulatiiij;  the  force  we  must  tesoliii  the  field  into 
two  components,  onc^  peipi^niilcuhir  to  the  direclioa  of  lh«  current,  and 
the  other  parallel.  Tlien  the  component  parallel  to  the  direclioo  of  the 
cnrrrnl  will  produce  no  force  on  ihc  conductor,  and  the  force  due  to  the 
other  component  i*  calrulaied  by  the  formula  given  above. 

610.  Foi'ce  acting  on  a  Rectanffular  Coll  coRveylni;  a  Curr«nt 
whan  In  a  Hatrnetlc  Field.—  As  an  c-umpic  of  ihi:  application  of  the 
fonnaU  fc-ii-en  in  the  last  section,  we  may  oiiculaie  the  force  acting  on  a 
rectangular  coil  when  placed  in  a  uniform  magnetic  lidd.  Suppose  iluit 
Ihe  field  is  of  strength  II,  and  that  the  linei  of  force  are  horiiontal,  and 
nin  from  south  to  nonh.  I.ct  the  coil.  Anc(>  (Fig.  493),  comist  of  a  sin^^lc 
turn  of  wire  in  the  form  of  a  rectangle 
of  length  /  and  breadth  b,  and  let  ii 
be  placed  with  il.i  plane  in  the  vctlica! 
plane  parallel  la  the  direction  of  Ihe 
field.  Since  the  top  and  bottom 
of  the  rectangle.  All  and  CD,  are 
parallel  to  the  direction  of  t)ie  lines 
of  force  of  ilie  field,  ihey  will  experi- 
ence no  force.  If  a  current  o^  Cc^j. 
units  is  flowin^c  round  the  rectangle, 
M>  thai  its  direction  in  Alt  it  from  A  to  11,  the  vertical  side  Ai>  will  be 
acted  upon  by  a  force  IClf  in  the  direction  of  Er.  In  the  same  way 
the  vertical  side  vc  will  be  acie<l  upon  by  an  equal  force  in  Ihe  direction 
CK,  The  resultant  of  these  forces,  since  tliey  are  e<|iial  and  opposite 
parallel  forces,  is  a  couple,  of  whidi  the  niaf.Tiiludc  i»  h.lCI!,  lendinK  to 
lam  the  rectangle  round  in  the  anticlockwise  direction,  when  looked  at 
from  ahnve. 

Next  suppose  that  the  reicianf;le  is  allowed  to  turn  rouml  under  the 
influence  of  litis  couple  into  ilic  position  aVc'd',  in  wliich  its  plane  is 
perpendicular  lo  the  direction  of  the  lines  orf  force  of  Ibe  field.  In  tliis 
position  the  lop  aV  is  now  perpendicular  lo  the  lines  of  force,  ntMl 
therefore  experiences  a  force.  Ry  the  rule  n-e  sec  that  this  •ill  be  an 
upward  force  of  iCM.  Since  the  direction  of  the  curmii  in  the  boitom 
of  ihe  rectaii[>le  is  opposite  to  that  in  A'lf,  this  portion  of  tlie  circuit  will 
be  acted  upon  by  a  dow-nward  fitrce  tCf/,  which  will  produce  etpiilihrium 
with  the  force  eie(i«i  Upon  aV.    Since  the  current  in  the  vr-:--.?  ■:  :!r 
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a'd'  is  upwards,  th«  force  on  ihis  side  b  still  tCH  in  the  dirtrciioo  r.r, 
white  (he  foice  un  the  vertical  siilc  d'c*  b  iCH  in  the  direction  ok.  .Since 
Ihew  two  forces  urc  now  not  only  rqual  and  opptMJtc,  but  act  In  itie 
same  straiicht  line,  Ibey  wre  in  eciiiilihrium.  Thus,  in  this  position,  the 
rectangle  it  in  a  Mate  of  stable  equilibrium,  and  ibcrc  i*  xu>  force.  du«  tu 
the  magnetic  field,  either  tending  10  move  it  bodily  or  to  luro  it  about 
any  axis. 

From  the  above  investij-ations  w«  tee  that  the  rectangle  lends  10  Mt 
itMir  in  luch  a  (xwition  that  the  number  of  tiibc«  of  force  whicli  pass 
lliruu^h  it  is  a  nuuitnum,  and  that  the  direction  of  the  lines  of  force 
due  to  the  circuit  i*,  inside  the  coil,  the  same  as  that  of  the  lines  of  force 
of  the  field. 

If  from  analogy  with  a  n\agnei  we  call  the  face  of  a  «oit  at  vrhicli  the 
lines  of  force  leave  the  space  included  by  the  coil  the  nonh  surfni-p  of  the 
coil,  then  ne  iii:iy  expreiii  the  results  to  which  we  have  been  led  at 
follows:  A  tireuii  in  which  a  current  is  flowing  lends  to  turn  &o  that 
tbc  number  of  ttilici  of  force  due  to  the  Beld  entering  its  south  face  is  a 
rouximum.  Since  the  direction  of  the  lines  of  force  due  to  the  coil  in  ilie 
position  a'»'  run  in»idc  the  coil  in  ihe  same  direction  as  the  lines  of  force 
due  to  the  licld,  vrc  may  also  summarise  the  result  as  follows :  A  coil  in 
which  a  current  is  flowing  will  tend  to  set  itsolf  so  that  the  total  number 
of  lines  of  force  which  pass  llirou),'h  it  is  a  m.ixiinum  :  that  is*  so  (hat 
the  total  induction  through  the  coil  is  a  maximum. 

511*.  Maffnetic  Shell. —.\  thin  plate  of  magnetic  mntrrial  whi(4  is 
mngnelisnl  so  that  the  direction  of  magnetisation  is  cvnynhcrc  per- 
pendicular to  Ihe  furf.ices  of  the  sheet  is  called  a  magnetic  shell.  The 
product  of  the  Ihicknns  of  the  shell  into  Ihe  intcDsiiy  of  magnet isatioit 
is  called  the  strength  of  the  shell. 

It  can  be  sho»  11  ihat  the  magnetic  force  exerted  by  a  closed  circuit 
in  which  a  current  C  is  flowing  is  the  s:iine  as  that  which  would  be 
exerted  by  a  magnetic  shell  which  occupied  the  spare  bounded  by  the 
circuit,  and  of  which  the  sirengih  was  equal  to  C.  The  side  of  the  shell 
which  is  a  north  pole  must,  of  course,  correspond  to  what  was  called  the 
north  side  ofthe  circuit  in  the  last  section.  If  .V  is  the  area  of  the  space 
enclosed  by  ihe  circuit,  so  llvat  S  is  the  area  of  the  pole  of  the  shell,  tlie 
strength  of  each  pole  wilt  be  Z^,  far,  u^i  we  have  seei^  in  §  501.  the  surface 
density  of  the  free  magnetism  on  the  pole  is  numerically  equal  to  Ihe 
intensity  of  maguclisation.  Hence  the  number  of  tubes  of  force  which 
leave  the  north  face  of  the  shell  and  enter  the  south  face,  completing 
their  couisc  through  the  substance  of  the  shell,  is 

The  number  of  tubes  of  force  which  poas  thnitigh  any  given  area  is 
called  the  induction  ihrnugh  lhat  area;  or,  to  dating  uish  lielween  Ihis 
use  of  the  term  ami  that  in  %  50a,  wo  may  call  the  total  number  of  lines 
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of  force  pasting  Ihroitcli  any  given  area  llie  total  induction  ihraugli 
ihcarca. 

The  reason  why  the  mngneiic  effect  of  n  shell  i*  the  tame  as  that  of 
A  current  flowinB  in  a  wire  which  has  the  fonn  of  the  perimeicr  of  the 
»hc1t  if  at  once  up^Ktrcnt  if  we  adopt  Ampere's  hypolhcKis  %%  to  the 
inajjne'i*"!  of  'he  molecular  magnets  being  duo  to  currents  cirailaiing 
within  the  molecule-  If,  in  Fig.  493,  A!K"I)  represents  one  fac«  of  the 
shell,   ihen  if  the  molecular  aniperian  curiCDts  arc  repre-  .  _ 

sciiicd  by  the  small  icrianglcs,  the  direction  of  th«  currents 
beint;   indicated   by  the   arrows,   it   will   be   seen   that   the 
molecnlar  currents  in  ihc  adjaceni  aide*  of  any  two  con- 
tiguous uiole-iulcs  arc  in  opposite  direction*,  and  hence  they 
netimiliie  each  other's  effects  as  far  as  prodiK-ing  any  es-  D 
lema!  field  is  concerned.     It  is  ouly  in  the  molecules  whith     Fla  49^ 
bound  the  area  ABCU  that  the  molecular  currenis  are  able 
10  eicrt  any  eniernal  force.     But  the  combined  effect  of  the  curteiit*  in 
the  bounding  molecule*  will  be  the  siiitie  as  that  of  a  current  flowing 
round  a  wiic  which  occupies  ihc  poMlion  of  the  edge  of  ihc  shell. 

512*.  Haffneile  Homfint  of  a  Circuit  oonveylng  a  Current.— 
Suppose  that  a  conductor  conveying  a  cuirent  C  forms  a  plane  closed 
circuit  u'hich  encloses  an  area  S,  Itien  the  magnetic  effccit  of  the 
circuit  cjin  be  icpresenled  by  a  shell  of  which  the  Strength  is  /',  and 
which  fills  the  spare  enclosed  by  the  drcuiL  If  the  thickness  of  the 
shell  is  t,  and  the  intensity  of  magnetisation  is  /,  then  <■/=/■'.  The 
magnetic  inoiuent  of  the  shell  ts  equal  to  Ilia  product  of  its  »)lume  into 
[he  intensity  of  magnetisation,  that  \i,H=eS.J.    Bui  C^f-'^ef,  bcnco 

M-SC. 

That  it,  the  magnetic  moment  of  the  shell,  which  it  wpiivaleni  to  the 
circuit,  it  equal  to  the  product  of  the  strength  of  the  current  into  the 
surbce  included  by  the  circuit. 

We  may  apply  this  result  to  obtain  tho  turning  momnt  acting  on  the 
rectangle  aI)C1>  in  Fig.  493.  licrc  the  area  of  the  circuit  is  o^,  and  hence 
the  magnetic  moment  of  the  equivalent  shell  is  atC.  The  avis  irf  the 
magnet  being  at  right  angle*  to  the  plane  of  the  coil,  it  ii  at  righi  angles 
to  the  hncs  of  force  of  tho  6eld.  Henc«  by  the  formula  obtained  in  {  jij 
the  turning  moment  acting  on  the  magnet  is  -•///  or  akC .  H,  which 
agrees  witli  llic  result  already  obtained  from  the  considemtion  0/  the 
forces  which  act  on  the  different  portiotit  of  the  circuit. 

If,  inite-nd  of  being  pat^lcl  to  the  lines  of  force  of  the  field,  the  circuit 
ntake*  an  angle  f)  with  the  lines  nf  force,  Ihen  lite  axis  of  the  equivalent 
nngaetic  shell  will  make  nn  angle  90'  -  (?  witli  ihe  direction  of  the  field, 
and  Iho  turning  couple  will  be  equal  to  ,lf//  sin  ('/j"  -  W)— .V//cos  9 
-.yC/Zcostf. 

UibcciicuucousisttM  a  circular  coil  oin  lums  a<msulai«d  wit«,i|ie 
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'  ndiiB  of  each  inm  betng  r,  the  moment  of  the  eqii{valciti  sbell  ^  be 
■*f*nC,  for  iIk  iLTcft  included  by  each  tura  i»  nr*,  and  so  ibe  area  Iiicludd 
by  the  1  Iiims  i»  rr*w. 

613*.  Mavnotie  Field  inside  a  Solenoi<I.^A  cylinder  whkh  k 
lapped  ot-cr  with  iuMilai«d  wire,  m>  ihai  tlie  circuit  consitU  ef  % 
number  of  equal  cirtlcs  with  their  pUncs  at  right  angles  ro  ibe  axis  ti 
tbc  cylinder,  U  called  a  solenoid.  If.  a«  n  ),'eneTaIly  the  case  in  pnctice, 
the  wire  is  ccwlcd  in  a  ipiral,  then  it  »  et|uivalent  lu  a  number  of  cndei 
ploiced  m  planes  perpendicular  to  (be  axis  and  to  a  »iraij;hi  conductor 
wliich  paMCC  oUmg  the  axis  fot  >■>  the  helix  not  only  does  i)ii-  n-ire  |^ 
round  the  cylinder,  biit  it  alto  is  taken  aUinji  pnrnllel  to  the  iuii&  If 
the  solenoid  con^'ts  of  lu-o  layers  of  u  ire  wnund  one  on  ilic  tup  of  iIk 
Other,  the  direction  of  windini;  bcin^  ilic  Mmc  in  the  two  layers,  and 
the  wire  all  in  one  length,  ilie  longitudinal  portion  of  tlte  wire  in  ibe  Iim) 
byen  wilt  compeii«aic  the  one  for  the  other. 

In  order  to  calculate  the  strength  of  the  magnetk  field  within  a 
solenoid,  the  simplest  way  is  to  nuke  use  of  the  results  obtained  in 
%  ;ii.  Suppow  that  the  wlenoid  ouniiiits  of  A'  turns,  the  radim 
of  each  turn  being  r,  and  that  the  lengih  of  llie  solenoid  is  ^  »o  thai 
there  are  NjL  turns  per  unit  of  length.  Calling  the  tiumbcr  of  itims 
in  the  unit  of  length  n,  the  lenjfih  ntnug  the  axis  of  the  solenoid  occupied 
by  each  turn  is  %ln.  If  the  current  flowing  ihioiigli  the  solenoid  it  6', 
then  each  turn  can  be  replaced  by  a  niagneiic  thell  of  which  the  peri- 
meter is  a  circle  of  radius  r,  and  the  sircngth  is  numericajly  equal  to 
C*.  If  the  tJiitknesi  of  each  shell  is  taken  as  equal  to  i  iV,  the  iniensity 
of  magneiisaiion  will  be  Cn,  for  the  sttcngth  of  the  shell  is  equal  lo 
the  ptoduct  of  the  thickneu  into  the  iniensily  of  magnet iuiti^n.  Since 
the  effect  of  each  turn  of  the  solenoid  can  he  rcprescnlcd  by  ihe  efficcl 
of  such  A  shell,  (be  ciTccl  of  the  whole  •.olenoid  will  be  represented 
by  the  ronihiticd  effect  of  N  such  ^hell»  placed  end  to  end.  Since 
the  thickness  uf  cuch  shi'll  han  been  chosen  as  equal  tu  Ihe  distance 
between  two  adjacent  turns  of  ilie  wire,  the  sheila  when  placed  end  to 
end  will  just  occupy  the  space  within  the  solenoid.  The  north  and 
south  faces  of  adjacent  shells,  being  cqu.itly  magnetised,  will  exactly 
neutralise  e^ich  other's  effect,  so  that  the  external  effect  will  be  due  to 
the  extreme  faces  only.  Hence  the  magnetic  effect  of  the  solenoid  i«ll 
be  tlie  ?ame  as  thai  of  a  cyHndricat  magnet  of  Icngib  /^  and  of  which 
the  cross-section  is  jrr*.  when  magnetised  to  the  intensity  /  or  nC.  The 
total  induction  ilirouKh  such  a  magnet  will  be  equal  to  i'/.v^  less 
the  dcmngnciising  field  produced  by  the  poles  at  the  ends.  If  the 
length  of  the  solenoid  is  very  great  eoinpareil  to  its  diameter,  we  may 
neglect  the  effects  due  to  the  ends,  and  the  total  induction  through  any 
etviss- section  near  the  middle  will  be4»'»'/or  ^■^'r'nC.  The  induction, 
that  is,  the  number  of  lubes  of  induclion  per  imil  area  of  cross-section, 
is  ^wmC.     Hence  as  the  tubes  of  force,  Ac.,  are  ihc  same  in  the  caae 
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of  th«  lulcnoid  la  in  the  caw  of  the  magnet  wc  liavo  been  consideiing, 
wc  sec  lliat  if  ihc  solenoid  ii  very  long  compared  lo  iis  diumelcr.  ilie 
number  of  tubes  of  force  which  will  cto&s  any  cross-section  Inkcit  near 
the  middle  will  be  a-whC.  rr",  or  the  number  of  tubes  that  cmts  iinil 
area  will  be  4»flC  Bui  Ihc  num1>cr  of  tubes  of  force  which  cross  iinil 
area  Ijkcn  nl  rijfht  angles  lo  the  direction  of  the  tubes  is  numerically 
eqiinl  to  tin!  strength  of  the  maRnctic  field  al  the  point.  Hence  the 
siren^h  ai  the  field  near  the  niiddle  of  stich  a  long  solenoid  is  equal 
(o  4'm(',  and  so  long  as  we  are  only  considcrin);  a  |N>iiion  of  ihc  sole- 
noid ai  some  disUiicc  from  either  end  the  field  will  be  uniform. 

We  have  hitherto  supposed  that  Ihe  interior  of  llic  solenoid  is  fillet! 
with  a  nun-rasgnclic  material,  such  as  air.  If  ne  suppose  that  the  sole- 
noid U  tilled  niih  n  magnetic  malcrinl  »uch  ax  iron,  then  if,  ns  lieforc, 
we  suppose  thai  the  length  is  so  great  lh»t  the  cfleclt  of  ihc  ends  ran 
be  neglected,  the  inaencii^in)-  foicc^  acting  on  the  irim  is  4rnC.  Hcnrc 
ii  ft'n  Ihe  permeability  of  the  iron  for  a  magnetising  iield  of  this  strength, 
the  induction,  />',  through  the  iron  will  be  B = i^li ■=  iw^nC.  Tlius  the 
effect  of  the  introduction  of  the  iron  is  to  increase  the  total  induction 
ibrouxh  the  lolenoid  from  4r*H«C  to  ^w'i'hC.ik 

When  llic  solenoid  w.-li  filled  with  air,  wc  saw  that  its  aclion  could 
be  represented  by  a  lo^ignct  of  the  same  length,  of  which  the  strength 
of  each  pole  was  wr'nC.  This  cxprcsiiion  will  not  be  exactly  true,  for 
Mine  of  the  tubes  of  force  will  leave  the  solenoid  before  the  end,  pasviug 
ihrougb  Ibe  sidc«  ;  it  is,  however,  sufEciently  near  the  truth  for  the  con- 
si<lemtion  of  the  general  mnj^elic  efiect  of  the  solenoid.  When  the 
sfJenoid  is  filled  with  iron,  the  numlicr  nf  tubes  of  induclion  leaving  the 
iron  near  the  north  end  of  the  solenoid  will  lie  wr'/t  or  ^v'r'frCM,  and  the 
strength  of  ihc  pok  at  each  end  will  be  rr^nCv.  Thus  hy  the  introduclion 
of  the  iron  the  moment  of  the  magnet  which  woiibl  be  eijuivalent  to  the 
solcooid  is  increased  in  the  ratio  of  »**«<>  to  rr'nCor  as  >  :  I. 

Since  the  value  of  it  may  be  as  high  as  Iock),  it  is  e^'ident  to  what 
a  gieal  extent  tlie  magnetic  effects  of  the  solenoid  arc  increaMd  by  the 
introduclion  of  ihe  iron. 

Although  the  magnetic  effect  of  a  solcni>id  can  be  represenlttd  by  a 
magnet,  I'd  there  is  an  important  difference  between  a  solenoid  and  a 
pennwnent  magnet,  in  that  in  the  case  of  a  solenoid  we  have  to  do  ruA 
only  with  the  magnetic  field  in  tlu^  spa^'C  outside  the  magnet,  but  also 
Willi  the  space  inside,  the  dirrc-iion  of  the  Hoes  of  force  being  opposite  in 
the  two  regioaiL,  In  the  case  of  a  permanent  magnet,  on  the  other  hand, 
we  are  unable  to  utilise  the  niagoetic  field  within  the  magnet.  It  might 
nl  firat  appear  that  the  fields  of  force  due  to  a  iwrfenoid  and  to  a  JMlotP 
cjrlindiical  magnet  would  be  of  the  »ame  nature.  TliiS  is  hon-cver  not 
Ihe  case,  for  inside  the  soletvtMd  the  linci  of  force  ran  in  ihe  opposite 
direction  to  what  they  do  in  the  space  ouiiidc  ;  while  in  the  case  of  ' 
hollow  magnet  the  tines  of  force  in  the  hollow  run  frcm  the  nntth  pole  | 
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tlie  wniili,  just  AC  tbey  do  in  the  tpiice  nutnttb  II  is  onljr  inMcfe  thr 
«eel  of  lli«  mngnet  that  ihc  lines  of  force  nin  in  tl«  uppoute  ditM;i>an  to 
that  in  il«t  space  ouisiile,  namtiy,  ftom  ihc  touth  pole  to  the  noiih. 

SU.  Antlon  of  Cuirents  on  Cuirsnts.— Wc  bav«  already  con- 
fttdercd  the  force  ei^crlpd  on  a  neighbouring  mniptct  by  comjuctots  o( 
certain  simple  shapes  when  ihey  convey  a  current,  or,  in  other  wonlsdw 

strcngili  of  the  ndi 
pioducvd    by    iJmc 

(OIKllKtOr&.  Wu  huvc 

now  to  con-iider  Uie 
force  exerted  by  one 
conductor  convejias 
•1  current  on  another. 
Fim  consider  the 
CISC  of  Ivro  long 
parallel  conducion 
in  which  tbe  currents 
nne  flowing  in  tbe 
lame  diricciion.  Ani' 
p^re,  who  first  nude 
«Kperiroents  on  ibe 
action  of  currents  on 
ciirTents,s)ioii>-cd  that 
under  thcM:  circom- 
stances  tlio  two  conductors  are  aittacied  the  one  tou-ards  the  other. 
A  consideration  of  Fif.  494,  which  represents  the  lines  of  fon.-e  of  tbe 

two  coiKliicton,  which 
nrc  supposed  to  be  per- 
pendicular 10  the  paper 
At  ihe  points  A  and  H, 
will  at  once  indicate 
ibni  aitr;iction  must  take 
pl.icc.  For  if  wc  s«p- 
pasc  that  ther^  (exists  a 
tension  along  ti>c  lines 
of  forrc  and  a  pressure 
ai  light  angles,  the  lines 
of  forc«  whk'li  surround 
the  two  wires  will,  by 
their  tension,  tend  to 
contract  and  thus  to 
Ktfi  Mt  force  the  nircs  logelher. 

Inlhecase(Ki|r.  49j) 
where  the  currents  arc  flowing  in  opposite  directions,  the  wires  will  be 
repelled,  as  was  also  shown  by  Anipfre  to  be  ihc  case. 
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The  inaj;niiiide  of  the  force  cjccrird  on  unii  lenf^h  of  one  of  (he 
conductors  due  to  llic  olher  can  al  once  he  obiained.  Let  the  curtcni 
in  ilip  conductor  w'hic])  pAMCs  throujih  A  bcC'|,aDd  that  in  the  conduaor 
ixisiing  tlnoilgh  B  be  t^  botli  current*  flowing  »|>n-nrds,  the  distance 
between  A  aoiJ  S  being  iL  Then  the  strciiinh  of  the  lield  at  a  due  lo 
the  infinite  conductor  [iiuMint;  through  li  is  by  §  475  aCj.'i^,  and  aai 
through  A  and  in  the  direction  of  the  arrow.  Then  wc  liave  a  condiicior 
lussiajt  through  A  in  which  a  current  C,  t»  flowing  at  right  anglei  to 
■he  direction  of  a  m.-igoctic  6eld  of  strentfth  iC^d',  hence  it  eipcricncct 
per  unit  of  length  a  forfe  of  2(-,tVrf{S  )09),  in  a  direction  perpendicular 
lo  both  the  direction  of  the  field  and  to  that  of  the  condiiclor,  that  is 
pandlel  to  the  line  Alt.    A  conMdemiion  nf  the  rule  given  in  g  J09  will 

show  tliat  the  force  acts  in  the  direction  ft\u  If  the  direction  of  ooe  of 
the  currents  is  reverwd  the  magnitude  of  the  force  will  remain  the  saine, 

but  it  will  now  act  in  the  direction  ha,  thai  U,  it  will  be  a  repulsion. 
Since  action  and  reaction  are  tqual  and  opposite,  the  force  on  the  con- 
ductor 8  will  he  in  every  case  exactly  equal  and  opponte  to  the  force 
acting  on  the  conilucior  a. 

The  atlrnction  exerted  l>y  two  panillrl  condiiclois,  in  which  the 
CUiTcDta  arc  flowing  in  the  ^aine  dirrrlion,  ran  br  very  strikingly  shown 
b)'  means  of  a  spiral  of  copper  wire  which  Js  suspended  from  a  stand  1>>' 
one  end,  and  ia  allowcil  to  hang  free  in  such  a  way  that  the  other  end 
of  the  wire  dips  in  a  nMrcnrj'-cup.  If  a  current  is  M'ni  through  the 
tpiral  by  couneaiiig  il>c  fixed  end  to  one  pole  of  a  baiier)-  and  the  other 
(Kde  10  the  mercury,  since  the  drffneni  turns  of  the  tipiial  are  parallel, 
and  the  current  is  llowing  in  the  same  direction  in  <uicli,  they  will  attract 
one  another.  Ai  a  result  ilie  spiral  will  contract,  and  in  contracting  ibc 
free  end  will  be  lifted  out  of  tlie  mercury  and  thut  break  ihe  circuit  and 
Mop  the  current  As  aoun  as  ibc  current  is  broken  the  attraction  be- 
tween the  spirals  will  cease,  and  the  spiral  will  elongate  imdcr  the 
influence  of  gravity,  and  the  end  again  coming  in  conuci  with  the 
mercuty  the  current  will  be  started,  and  the  whole  cycle  of  opemtiou 
agiun  be  gone  ihmagh.  Nut  only  dues  ihi*  illustrate  ilie  aitractioo 
of  pamllel  currents,  but  the  appatiitus  u  a  machine  by  means  of  which 
electrical  energy  is  conlinuouily  coRVvned  into  mechanical  energy,  that 
is,  into  the  cnrrgy  of  motion  of  the  sjiirnl. 

615.  The  Elflctro-Dynuaoroeter^ElMU-lo  Bftlanoe.— The  force 
excttcd  liy  one  circuit  iu  which  a  current  is  flowing  on  aootlwr  citcuit 
in  which  the  same  current  iii  flawing  is  made  use  of  to  ntcauire  the 
Mreogth  of  the  current,  and  instrument*  for  measuring  currenit  depending 
on  this  principle  are  called  cIcciro-dynanMmctcn. 

One  form  of  vtcctra-dynamumcter  consists  of  two  cotb  (A  and  B, 

<£•  49^)  of  brge  tadiu*.  placed  with  their  planes  p>tnillel  to  one  anutlier 

and  with  tlicir  centres  at  a  distance  apart  equal  to  ibc  radius  of  eiiher, 
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ihus  forminic  a  HcJmholtJ  galvaiwowtcr  (g  478).  The  current  to  bo 
mmiur«d  u  sent  round  ibcM  two  coUs  ja  ihc  same  direaion,  and  alu 
Ilirougli  ^  Mnull  vjsprndci)  noil  c,  which  hanip  in  a  symmetrical  poailica 
w-itli  rMjictt  lo  tlic  coiU,  aod  hw  it*  plane  wrtlaiL    The  imall  coil  » 

suspended  bya  bilikir  sui- 
pension,  D  (jl  1 19),  10  thai 
it  i«  free  to  turn  nbooi 
n  t-ertica)  axis,  the  wiirs 
of  1I1C  iMfilar  saspension 
being  uiiliscd  to  lead  tlir 
ciirrcnt  Into  tlie  c<mI.  The 
su^]}pnding  wire^  are  m 
arranged  1I111I.  when  no 
current  is  piusing  throagh 
the  cnils,  the  plnn<T  of  the 
suspended  coil  it  n|  richi 
angkiinihc  plancsof  tlie 
lAigccoiK  When  the  cui- 
reni  it  pftMcd  through  the 
fliced  and  suspended  ciuis 
Id  sencr,  ihc  plane  of  the 
smnll  CI  il  beinjf  at  rif;bl 
anglci  10  that  of  ihc  direc- 
tion of  ihc  field  duu  to  ibe 
large  coils,  there  will  be  a 
turning  coup'e  acting  on 
ihe  suspended  coil  which 
will  lend  to  turn  ti  into  the 
same  plane  as  the  Ufge 
coils.  The  bifil.ir  sus- 
pension will  oppoic  litis 
tuininf;,and  the  suspended 
cnil  will  Inlte  up  a  position 
sudi'  that  the  defecting 
couple  due  to  the  electro- 
magnetic   fon:«s   will   1>c 
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nqual  and  opposite  to  Ihc  rcsniring  couple  due  10  the  Inlilar.  The  tna^i- 
tude  of  the  deflecting  couple  can  be  calculated  in  terms  of  Ihc  current  by 
ilic  processes  we  have  already  j,-ivcn,  for  the  strength  of  the  fieki  due  to 
the  large  coils  at  the  place  where  the  suspended  coil  it  hunii  can  be 
calculated  hy  ihc  method  given  in  §  476,  if  the  radium  of  the  ciiclcs  and 
Ihc  number  of  turns  of  the  wire  in  each  is  known,  while  ihc  couple  acting 
on  the  coil  C,  when  ils  axis  makes  any  given  angle  wilh  ihc  dircctiini  of 
this  field,  can  be  calculated  by  the  process  given  in  §  511.  The  value  of 
the  oouplc  due  to  the  bifilar  can  also  be  calculated  from  the  weight  of  the 
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coil  and  the  length  und  diilancc  Hpmt  uf  tliL*  suapendinir  wires.  [Imcr, 
ftquatiRK  "Attse  tu-o  cvuplu,  the  value  <if  Uie  current,  which  ii  ihc  only 
unknown  (|ijnniit>',  can  b«  calculntccL 

In  pfrfomiing  the  CKperinienl,  nrc^iint  inu*t  !«  taken  of  iho  c;>rth's 
Geld.  This,  however,  may  ho  rliniinaietl  if  the  whole  instrument  i« 
ttmKd  so  thnt  when  the  susprndcd  coil  conies  to  rest  under  llie  action 
of  the  current  its  axi«  lic<  magnetic  nonh  and  south. 

Another  inettiod  of  determining  the  absolute  value  of  a  i.'uncnt  con- 
sists in  measuiing  the  vcttical  force  exerted  on  a  small  lioriionlal  roil  a 
(f  >E-  497).  which  is  attached  10  one  of  the  amis  of  a  balance:,  ou-inj;  to 
the  magnetic  action  of  tn-o  fixed  coil*,  c  and  l».  The  current  to  l>e 
measured  Is  passed  thniu^-h  the  fixed  coils  and  t)ie  suspended  coil  in 
scries,  in  such  a  way  that  the  suspended  coil  is  repelled  \if  one  of  the 
fixed  coils  and  attracted  by  the  other,    'flie  force  with  which  the  fixed 
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>  act  on  the  xuKpcnded  coil  can  l>c  cnlculaied  in  tcmu  of  the  cumni 
ich  is  pouuif:  from  the  dimentionK  nf  ihc  coilf,  and  henc^  by 
measuring  this  force  by  means  nf  the  wcighis  which  have  in  he  put  in 
the  scale  pan  K  of  the  balance  in  order  to  hring  the  bciun  into  ibc 
horiionial  positioo,  the  value  of  the  current  can  be  calculated. 

Uting  lliis  method,  Lond  Raylcigh  found  that  the  current,  which  by 
the  balance  was  equal  to  1  ainperv,  when  ptused  through  an  clectrulyiic 
cdl  (S  5J9)  containing  a  solution  of  silver  nitrate  with  a  silver  anode 
and  a  ptatinmn  kaihodc,  dcpoNited  aooiii79  grams  of  sihvr  in  one 
leamd. 

This  value  tat  tlw  clectra-chcmical  eqmvaknt  C»ce  5  539)  of  sihrr  is 
genrrally  made  use  of  to  standardise  instruments  for  the  measurctncnt 
of  oirrcnti  in  whWh  the  value  of  the  nirrcnl  corrciipondinit  10  a  given 
ind'tcatkin  rannol  be  dtrdctly  cakuUtcd  from  the  dimensions  of  Ihc 

CM. 
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CHAPTER     XIII 
INDUCED  CURRfiNTS 

616.  Induoed  CuireDM — in  iSji  FannUy  took  a  ring  of  iron  and' 
on  it  wound  luo  (ojJs  of  in^utaicd  wire.  Haviu);  nottnecicd  one  of  ihcM) 
coili  (o  ihe  terminals  of  a  gxlvanouieier,  he  ti;uic(l  nn  electric  mircni 
Uirou^'h  the  other  coU,  and  then  found  iliaC  at  ilic  moment  of  starting  the 
cturent  the  needle  of  the  galvanouieier  wa«  deflected,  showing  that  a 
current  uai  pastlnt;  in  the  second  cloied  circuit  Tbi*  deflection  was 
only  momi-ntaij-,  and  the  g»!vanomfier  imnicJiatcly  came  hack  to  its 
iindcllccicd  position,  alttiau{,'h  the  current  in  the  nnsgnciiting  coit  was 
fttill  flowing-  On  breaking'  the  current,  however,  another  momentary 
deflection  of  the  galvanometer  took  place,  but  tn  Ihe  opposite  directioD 
to  that  »-hich  had  ocoirted  "*hen  the  current  was  started. 

He  next  wound  two  coiU  alimgsiile  one  anuilicron  a  wooden  cylinder^ 
and  a^ain  fmmd  that  when  iui  electric  rtirrent  uns  cither  xtaiiml  or 
stopped  in  the  one  coil,  a  (falvanomcter  connected  with  the  other  coil' 
indicated  the   )>a*sagc  of  a  momeniaty  cuncnt,  the   direction   of  the 
curipni  whrii  the  main  current  was&laitcd  bcinj-inllic  oppoMtc  direction 
10  ihnt  ohiainrd  when  the  cucreni  wat  stopped. 

Finally  he  found  that  if  a  magnet  is  inserted  into  ft  coil,  at  the  irisiant 
when  the  magnet  is  inscneii  a  cotrcnl  is  produced  in  the  coil,  and  th^t 
when  the  magnet  i»  wiilidrann  a  current  in  ihe  opposite  direction  is  alsoi 
produced,  ilc  also  found  ihal  if  a  wire,  Ihceiiils  of  whii:h  ate  connectcdl 
to  the  terminals  of  a  (^Ivnnomcter,  was  paMcd  between  ihc  poles  of  a 
powerful  horsc-ihoc  majjnel,  so  that  iho  direction  of  motion  of  the  wirn 
was  iuch  th.ll  it  cut  acroM  the  linc^of  force  of  the  magnet,  then  a  current 
was  produced  during  the  time  that  ihc  wire  was  beJn^  moved  across  tha 
lines  of  force. 

The  currents  which  aie  produccil  In  tliese  way»  in  a  closed  circuit 
when  a  current  in  a  neiglibi>tuing  circuit  is  started  or  slopped,  or  by  the 
relative  motion  of  the  circuit  and  a  magnet,  ate  called  iHtimtd  cunrntt. 

These  remits  ohi.iincd  by  Faraday,  which,  as  we  shall  sec,  are  the 
foundation  on  which  ate  based  all  the  modem  methods  of  producing  the 
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currents  that  are  used  in  such  ouinbcrlc^s  ways,  such  as  in  the  piwluction 
of  tight,  the  movint;  of  vohide*,  driving  inachliier>*,  and  perfntming  many 
chuiiical  processes,  can  all  be  numnicd  up  in  the  following  short  law  ; — 

\V'lienK^-«r,  froni  any  cnuic  whnic*-cr,  the  niitiihcr  of  tubes  of  force 
which  llircad  thmiigh  nny  mndiirtint;  rjtcuii  it  allctrd.  an  clcrtromotivc 
force  will  h<*  pioduccd  during  ihe  change  in  ihc  nunilirr  of  lubes,  and 
this  will  pmdiirc  or  lend  lii  prmliice  a  oiircnl  in  ihe  (irciiil. 

617.  lenz's  Law. — 'I'he  direciion  in  whitli  ihc  induced  currents  flow 
has  been  put  into  a  conctae  furm  by  L«ni,  in  what  is  known  as  Lciu^.i  law, 
and  is  as  follows  :— 

The  direciion  of  the  induced  nrrrent  produced  m  a  conductor  due  to 
the  movCTncnt  of  a  magtl*!.  <"  'o  '•'"t  "f  a  i:in"uii  in  which  a  currrnt  i* 
flowing,  is  Always  such  as,  1>y  the  action  nf  ihc  induced  current  on  the 
ina^ei  or  current -conveying  coaductor,  to  produce  a  force  lending  to 
Oppose  the  motion. 

Thti3  suppose  there  are  two  parallel  conductors,  in  one  of  which  a 
current  ts  flowing,  and  that  the  distattce  betn<een  the  conduclor  is  de> 
creased,  then  the  direciion  of  the  induced  current  will  be  such  as  to 
(ippnae  the  motion,  thai  is,  uill  be  such  as  to  cause  rcpuUion  between  the 
conductors.  Hence,  since  repulsion  takes  place  when  the  currents  are  in 
opposite  direciinns,  it  follows  from  lynx's  law  that,  when  the  condnciors 
are  moved  nearer,  the  induced  current  will  be  in  the  opposite  direction 
to  ilic  inducing  currenL 

If,  instead  of  the  distance  between  llie  cotuhicion  being  altered,  the 
oarrcnt  ts  either  started  or  its  sircngih  is  increased,  then  we  may  bok 
dpoa  (Ids  as  being  the  saine  thing  as  if  the  coiiducior  in  which  the 
nment  b  slarled  were  mm-cd  up  to  its  present  position  from  an  tntiniie 
dUtaiMT-.  While  if  the  current  is  stopped  or  its  strength  decreased,  then 
thii  is  equivalent  to  the  coiidu<:tor  in  which  it  flows  being  removed  from 
the  neighbourhood  of  ihc  cooducior  in  whirh  the  elect ri>- mag nciic  indue- 
lion  b  produced.  Hence  il  follows  from  l.^ni  s  law  thai  ihr  direction  of 
ihe  induced  rurrrnt  nhen  the  current  is  started  or  increased  in  sirrngih 
is  the  saxnc  as  uhcn  the  comluaors  are  moved  nearer  togeilicr,  nsn>c)y, 
tn  ihe  opposite  direction  to  that  in  the  inducing  current :  while  when  the 
ennvBt  is  stopped  ihe  direi:iion  of  tl>e  induced  current  is  the  uuie  as 

that  of  tile  irnluiiiig  turienl  befon-  il  was  stopped. 

£18.  Etectro-ma^ellc  Induction. -We  wiil  now  proceed lo  examine 
different  cases  of  ihe  producluin  of  induced  currents  from  Fanutay's 
point  of  view  as  to  tubes  of  fuicc. 

In  the  fini  plaoe,  the  phenomenon  of  ibc  production  of  induced 
cnrrvntt  is  said  to  be  dttc  lo  elcciro- magnetic  iiMlnciion.  It  is  cabled 
elcctro'inagnciic  induction  raiher  Uian,  as  b  sometimes  done,  simply  in- 
duction, for  the  sake  of  presenting  conAision  with  the  use  of  iIm  icrni 
faidiictMa  given  in  $  50a. 

Tbe  coodoctor  in  which  the  inducing  current  Sovt  ts  called  thi 
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primary  conductor,  01  aiiniily  the  primary,  white  ilic  conductor  in  which 
the  indiKcd  current  is  producnl,  or  at  any  tai«  in  wbtcb  an  induced 
electromotive  Totcv  is  denloped,  is  called  (he  secondary. 

rim  let  lu  ooiMtder  the  cue  of  a  pvinury  which  consitts  of  a  singi 
cirde  of  wire,  P  (Fig.  498X  in  which  a  current  is  cautcJ  to  flow  by  b 
battery,  B,  and  in  whtcb  there  is  a  key,  K,  by  luc^ai  u( 
which  the  circuit  can  be  ctoied  or  npcned,  and  tbi 
tlie  current  started  or  Mopped.  Lci  the  bccoridary, 
consist  of  a  timilar  circle  of  «-ire,  in  whiclt,  if  we  liki 
wc  may  suppose  .t  t:>l>'A"""i^<'ri  •>.  n  included.  If 
current  in  the  direction  of  the  arrow  is  tlum-inj;  in  the 
pritiiar)-  circuit,  lobe* of  itu^nctic  iiiduclioii  will  ihrrail 
through  tlie  pitinary  to  llw  direction  shonn,  and  some 
of  these  will  abo  thread  tlttoujch  the  nciglilxwriufi 
sccoindaiy.  Suppose  now  that  the  current  in  the 
prhnaty  is  slopfMHl,  then  all  the  tubes  of  iuduction  due 
10  this  currrni  nill  vanii^h.  Hence  the  numlicr  of  tuba 
of  indaciian  uliirti  thread  through  ihe  tcrondary  will  be  diininished, 
so  that  an  induced  airrcnt  will  be  prmluccd.  From  Leni'i  law  it  follows 
tliai  the  direction  of  this  ini!u(.ed  current  will  be  the  same  a^  ihnt  of  the 
current  in  the  primary.  Now  the  induced  curtcnt  in  the  secondary  will 
produce  lulws  of  induction,  and  since  the  direction  oftlic  induced  current 
is  the  Miiic  a«  thai  of  the  primary  current,  the  diT«:lion  of  the  tubes  of 
induction  due  to  the  induced  current  will  be  the  same  as  iliose  doc  to 
the  prim;iry  curtcnL  Some  of  iheie  tube*  will  thread  ihmu^h  the 
primary  circuit,  so  that  the  elI(K:t  of  the  induced  rurrrnl  is  to  lend  to 
keep  tlic  number  of  luljc*  which  thread  ibmujih  the  primary  circuit 
contiant,  although  on  account  of  the  stoppage  of  the  primary  current  the 
number  of  tubes  tends  to  become  less.  The  sajtic  effect  occurs  in  the 
secondary  circuit,  l<>r  the  lubes  due  to  the  induced  current,  which  are 
introduced  when  the  primary  cuirvnl  is  broken,  are  ^ludi  as  to  lend  to 
keep  the  induction  ihrntigh  the  lecondar)-  constant. 

Next  lake  the  cA«e  where  the  currrni  In  the  primar>'  is  started.  The 
direction  of  the  indured  current  is  oj>posilc  to  that  of  the  jiriniaty  current, 
lienoe  Ihe  tubes  of  induction  which  thread  through  the  second;iry,  due  to 
the  induced  current,  arc  in  the  opposite  direction  to  thoic  which  arc  being 
threaded  through  the  arcuit  due  to  the  starling  of  the  printary  current. 
Hence  the  tola!  induction  through  the  secondary  during  the  time  the 
induced  current  lasts  is  the  difference  of  the  induction  through  this  circuit 
due  to  tlie  primaiy  and  the  induced  currenii,  so  that  in  this  case  also  the 
induced  current  is  such  that  it  lends  to  kce^  the  total  induction  tbrough 
the  (econdary  circuit  the  same  as  it  was  before  the  suning  of  the  primary 
cuntDt.  Also,  since  some  of  the  tubes  due  to  the  induced  current  will 
thread  tlirough  the  primary,  the  effect  of  the  presence  of  the  secondary 
will  be  to  postpone  the  time  when  the  number  of  tubes  of  induction 
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ilirough  ifac  primary  mchn  iu  final  value,  sinc«  ihcir  prvwocc  (eiuti  to 
keep  the  iiiduciiui)  through  the  primary  the  lame  as  it  «-3s  before  the 
Maniitftof  the  current. 

In  the  faiic  when  ihe  cnrrcni  in  the  primary  is  IcqM  consiani,  but  the 
ilUtancc  between  the  primary  and  secondary  circuits  is  varied,  the  same 
eflcct  takes  place,  naniely,  the  induced  curr«ni«  are  in  sudi  a  direction  a», 
by  Iheir  a<Hion,  to  k«ep  the  number  uf  tube*  of  iaduction  nhich  paw 
(hrout;h  the  Mccondury  viicuit  the  ■saxaic  ta  it  wa«  before  the  motion.  Of 
course,  uncc  the  induced  currMtt  only  tiuix  while  the  number  of  tubes  of 
imhidion  i^  taryinj;,  the  final  indunion  ihniuKh  ihc  secondary,  as  well 
M  that  throii£)i  the  primary  itself,  is  quiie  unnhcicd  by  the  fact  that 
an  induced  current  is  produced. 

Although  vhcn  the  secondary  conductor  dow  not  Ibrm  a  closed 
circuit  no  induted  current  will  flow  iii  the  •iCcundilry,  yet  in  ihiK  cate 
there  wUI  be  an  tleciromoiiit  fotcc  produced  owin^  to  ibe  cteciro-iuagnetk 
inducilon.  ihc  ilirectitui  of  the  E.M.K.  bein^  such  that  if  the  circuit  were 
dined  ihc  cuirent  which  would  be  produced  by  this  E-M.h".  would  be  that 
which  itc  bare  been  coniiderinic  in  the  case  <rf'a  dosed  secondary. 

In  the  cate  of  an  undnsed  secondary  circuit,  since  there  will  be  tio 
induced  current,  there  will  he  no  ttibes  of  induction  due  to  the  induced 
current,  which,  by  being  threaded  through  the  primary  circuit,  will  tend  to 
delay  the  induction  through  this  circuit  from  at  once  attaining  its  final 
valiw.  In  this  CJise,  as  uvU  as  in  that  where  there  is  no  secondary  near 
■  circuit  in  which  a  currcDi  is  &tan«d  of  slopped,  we  might  expect  ibat 
(be  current  would  instantly  attain  its  final  value  when  the  circuit  is  closed. 
This,  ho«wer,  is  not  the  case,  for  the  circuit  itself  acts  in  sudi  a  way  a^ 
to  lend  lo  keep  the  induaion  through  itself  coilsianL  Tht»  before  the 
current  i<  started  ilierc  are  no  tubes  of  iuduction  paMing  ihtnugb  the 
circuit,  tmt  wlien  ibe  current  is  pHssiiig  there  arc  a  ccruin  number  of 
llteiic  tube&  Hence  ilie  number  of  lubei  of  induction  llireadinj^  through 
the  circuit  has  hern  increased,  and  during  the  time  that  they  were  being 
threaded  thrtiugli  there  will  be  an  induced  currenl  produced  in  ihe  circuit 
itself,  jiut  as  in  the  case  of  a  circuit  in  which  the  increase  of  the  total 
indactton  U  due  to  some  other  circuit.  Ai  wc  have  aeen,  the  direction  of 
the  induced  current  is  such  aa  lo  tend  to  keep  the  number  of  lubes  ol 
induction  linked  through  it  constant.  Hence  when  the  ctirient  is  started, 
v>  that  the  numbi^r  of  tubes  is  increased,  the  induced  lulici  mutt  he  in 
the  opposite  direction  to  those  due  lo  the  current  which  is  being  started, 
th.-M  is,  the  direction  ol  the  induced  oinvni  must  be  the  oppo«ile  lo  ihat 
ofthe  current  which  is  started.  The  effect  of  ibis  induced  current,  nhich 
ti  said  to  bo  due  to  self-in-iudion,  is  to  delay  ibe  current  in  ibe  circuit 
attaining  its  full  i-alue,  though  it  has  no  efTecl  on  ihv  final  value  which 
the  current  will  reach ;  which  final  value  of  the  current,  in  a  simple 
metallic  circuit,  is  that  given  by  Ohm'«  law. 

When  ilie  current  in  a  circuit  is  siofipcd.  ihe  induced cumnt,  in  ordtrl 
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ihat  It  mfty  imd  i<i  keep  ihe  indiiciiun  thrnu)[h  tbc  cinruh  constani,  mi: 

be  in  tlic  S.-UHC  diirciion  as  ibe  muiu  currcni.     The  prcwnte  of  the 

induced  cuircnt  wbcn  n  ctitrcni  is  stopped  can  be  very  tiearly  abown  Iijf 

mean*  of  the  arrangenicnt  Silitimi  in  Fig.  499.    A 

C  roil,r,  which  otifiht  to  hat's  a  Larfie  number  of  lumK, 

.Liid  an  iron  rorc  (it  will  be  rcmcmbem]  bow  the 

B         J      .....     .1  '  '  jiKMiicc  i>r  an  iron  rnre  incrcascii  ihc  induction 

H         ^^ QL  j^     ihrough  it  coil)  is  connccicd  up  wilh  n  make  and 

H  ^ — ** — (  breiik  key,  K,  and  a  balterj',  it     An  inrjindescejil 

^^L  K-\  /^         decific  Ump,  1,,  is  corvneclcd  in  pittalJcl  with  ibc 

^^^^B  '-|'^l^^-'^         ^l_     Alihntigh  tbe  luiicry  may  not  be  cf  sufB- 

^^^f  B  cienily  high  cicctromoiivc  force  10  ciuikc  th«  lamp 

^  Ktfl.  499.  '"   8'*"*  when  the   current  \*   (Ulsinjc  miind   the 

^r  circuit,  y«'l,  w)ien  the  key  is  opened,  the  induced 

K.M,F.,duc  10  ihe  self-induction  of  the  coil,  will  be  so  fKM  that  ^ujfirieni 

curn-nt  will  flow  ihrouyh  the  coil  and  ilic  lamp  circuit  to  cauMj  th«  lanip 

to  (;low  briglilly  for  an  insunl. 

619.  HAffnitudo  of  th«  ladueod  E.H.F.~We  have  hiiherto  onlr* 
considered  ihc  conditions  undrr  which  induced  currents  are  produced  and 
the  direction  in  whinh  ihey  flow,  and  ««  now  liave  to  consider  on  wli 
condition*  Ihc  tnn^iiudc  of  ihe  induced  airrcnt  depends. 

In  the  fir»[  pl&cc,  ihc  magnitude  of  lh«  induced  current  depends 
the  resistance  of  the  aecondarj',  and  since,  other  things  lemaining  t 
same,  the  current  is  invemely  proportional  to  ihu  resistance,  «-c  sball 
future  consider  the  electromotive  force  induced  in  the  circuit  considered 
on  account  of  induction  ;  and  where  the  value  of  ihc  iniluerd  current  is 
required,  this  tan  be  calculated  ai^cording  to  Ohm's  law.  The  expression 
for  the  majr^'tude  of  the  induced  electromoiivc  force  w.ts  firM  given  by 
Ncwmaiin.  We  may  combine  Newmann's  results  with  Faiaday's  law  as 
10  electro- magnetic  induction  ai  follows  : —  ^H 

Whenever  the  number  of  tubei  of  induction  which  thread  through  a^l 
circuit  is  altering,  an  E.M.F.  is  produced  in  the  circuit  numerically  e.<iual 
to  the  rale  at  which  tlic  nmnber  of  tubes  of  induction  is  iiiminisliing. 

The  direction  of  the  E.M.F.  obtained  by  this  role  is  positive  when  it 
tends  10  produce  a  current  in  the  circuit  which  ii  rel.itcd  10  ihc  direction 
of  the  lines  of  force,  as  the  direction  of  rotation  of  a  corkscrew  is  related  to 
the  direction  of  trantlation.  Or  if  we  are  looking  along  the  lubei  of 
induction  towards  Ihc  circuit,  then,  if  the  numlxr  of  lubes  is  decreasing, 
the  E.M.F.  wi|!  act  in  the  clockwise  direction  round  the  circuit. 

The  dircea."n  of  ;hc  induced  E.M.F,  in  a  straight  conductor,  whidi  is 
moving  in  a  direction  at  rig:hi  angles  lo  the  lin%s  of  force  of  a  magnetiqj^ 
Geld,  can  be  remembered  by  the  following  mle  >-  IH 

Hold  yo-at  ri^hl  hand  with  ihe  Bngen  pointing  tow.irdt  rhe  direction 
in  which  the  conductor  is  moving,  and  with  the  palm  turned  in  ihc  direc- 
tion in  which  a  north  pole  would  travel  in  the  field, />.  10  that  the  tubes 
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tX  fiMCfl  entct  llie  luuid  at  ilic  buck,  then  ihc  ouisirclchcd  ihunib  trill  t;iv« 
the  ditcctioii  of  (he  iiidui.-e(l  E.M.F.  in  lliu  coniluctur. 

In  a  anifonn  field  of  sliciigiU  /■'  ihc  crowseclion  of  the  tubes  of 
induction,  nr,  what  is  ibe  sanw  thini;,  the  tiilics  of  (bK«,  is  I //',  so  that 
F  tubes  ctuM  unit  an.M  ul  light  an^jl^s  li>  the  direction  of  the  tubes. 
If  thcit  a  ilmijjht  conductor  of  length  L  is  moved  wilh  a  vclciciiv  v  in  a 
direction  perpendicular  both  to  the  tubes  of  itiduction  of  the  lietd  and 
to  the  Icnph  of  the  u-ire,  the  spa<:c  swept  mit  by  ihc  nirc  in  unit  lime 
will  !)«  «■/_  Hcnrc  ihc  number  «f  tubes  of  fi>tve  cut  ihmuxh  by  the 
wire  in  luitl  lime  will  Ik  vl. .  1\  This  then  is  the  rate  at  which  a  drcuil, 
of  which  llie  cnndiiclor  forms  a  pail,  is  increa^ng  ihc  number  of  tube* 
of  induction  which  it  cnibraccs.  ticncc  ihc  eleriromntive  force  induc^id 
in  the  conductor  due  lo  the  c:uiting  of  the  lubes  of  induction  of  the  field 
is  vLF, 

S20.  The  Earth  InductOT.— SuppoM  that  during  a  very  small  time 
ht  the  total  induction  t]irou),'h  a  (itcuit  is  clisngcd  ftom  B  to  B-iB, 
Hien  the  numtict  of  lubes  of  induction  which  thread  through  tlie  circtut 
have  in  ihi:  time  decreased  by  the  amount  bB,  so  that  the  induced 
E.M.F.  acting  round  the  circuit,  which  is  equal  to  the  rate  ai  which  the 
number  of  tubes  is  dccrea^in^'.  will  be  equal  to  bllli/.  IIciic«,  if  the 
renstance  of  the  circuit  is  A*,  ilie  induced  current  will  be  i/i\!/fi/.  If  the 
me  at  which  the  tubes  of  induction  leave  the  circuit  temaini  constant 
during  the  time  !i/,  the  current  induced  n-ill  also  be  consiant.  Hence 
the  quantity  of  electricity  which  will  How  round  the  circuit  in  ihe  tinie 
A/  will  be  Cit  or  tB/K,  Thus  when  the  rate  at  which  ihc  tubes  of 
induction  are  cut  by  the  circuit  is  ci>n»unti  the  quantity  of  electricity 
which  «ill  flow  round  the  circuit  in  any  given  time  will  be  equal  lo  the 
quMienl  of  the  number  of  tubes  cut  by  the  circuit  in  this  time  by  the 
resistance  of  the  circuit.  The  »ame  relation  must  alw>  hold  if  the  rale 
at  which  tlie  tubes  are  cut  is  not  unifonn,  far  we  can  divide  the  interval 
considered  into  a  number  of  very  small  intervals  each  equal  lo  if,  in 
etuh  of  which  the  rate  at  whicli  the  tubes  aie  being  cut  is  sensibly 
nDifann,  and  tlie  quantity  of  cleLtricity  which  traverses  tlie  circuit  during 
each  of  Ilie»e  intervals  is  j[iven  by  the  above  expresuotu  Hence^  adding 
together  all  the  interi'als,  wc  get  on  one  side  the  total  quantity  oif 
electticiiy  which  passes  during  the  interval  considered,  and  on  the  other 
tide  the  srnn  of  the  decreases  of  the  number  of  tubes  of  induction,  that 
is,  the  total  decrease  in  the  number  of  lubes  divided  by  the  resistance  of 
iIm  ciicuti- 

If  a  circuit,  which  rndOMrs  an  area  ^f, is  placed  inaimiform  magnetic 
fiicld  of  strength  //  with  its  plane  at  right  angles  to  the  diiecttofi  of  ihc 
lield,  ilie  loitl  number  of  tubes  of  induction  passing  through  the  circuit 
will  be  A//,  (or  the  cross-seaion  of  a  tube  is  i///,  hence  //  tubes  crosa 
uiut  area  taken  perpendicular  lo  the  direction  of  the  tubes,  and  A/f  will 
cro*s  an  area  /(.     If  the  circuit  is  now  turned  till  its  plane  is  parallel 
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tollt«  diTcciion  of  the  tube*  of  force  of  tlie  field,  none  of  these  tubes  will 
'  pou  ibmusli  the  circuit,  and  hence  the  lotxl  induction  ibn»sli  lis 
circuit  will  be  ktix  Thus  by  nxaiing  the  circuit  in  this  way  tfaei 
of  tubes  of  inctuciion  patMitg  ihraagh  ihc  circuit  lias  been  i 
AH^  an<!  hence,  if  R  it  the  reiiiiance  of  ibc  dictiit,  the  ijuaniily  of  dec 
Iricily  whkh  panes  rxnmd  the  circuit  due  to  induction  will  be  AHIR. 
The  direction  in  which  this  cleclritity  will  be  displatcd  round  the  ciraiil 
will  be  the  cUickwitc  dirct-tiion  as  wc  fiicc  the  vulc  of  the  circuit  at  vhicb 
the  lubet  <if  induction  cnicr  the  ipacc  cndoicd  by  the  circuiu 

If  now  the  circuit  xn  rcitaicd  thioUKh  nnuihcr  right  anijie  to  the  same 
direction  as  before,  so  that  it  is  again  at  right  ai^jlcs  to  tlic  dircctioti  cf 
ibe  field,  but  Willi  the  tube^  of  ioduciion  threading  thiuuj;h  ia  the 
opfioMie  direction  to  whil  the>-  did  before.  Die  number  of  tube*  which 
thread  ttirmigh  will  during  the  toCalioo  increase  froni  ecru  Xt>  AH.  The 
mult  will  he  that  a  quantity  of  electricity  equal  tu  AHIR  '*"^\  again  be 
ciUKcd  to  circutnle  round  the  circuit,  and  »incc  the  tubes  arc  now  in- 
*ened  instead  of  being  withdrawn,  the  ditectWin  in  whKh  ihc  aimol 
will  cirailnte  will  be  ths  .-iniicUiclcwi$c  one  if,  as  before,  we  iaxK  ibe  tide 
where  the  tubes  enter  the  circuit.  Since,  however,  the  position  of  the 
circuit  is  reverted  from  what  it  was  in  the  foitncr  case,  the  direction  of 
the  Induced  current,  as  fur  as  the  circuit  ilsclf  is  concerned,  will  be  the 
same  :u  before.  If,  then,  sinning  wiih  the  circuit  pcrpcndiicuLitf  lu  the 
lines  of  force  of  the  field,  it  i*  rotated 
through  iSo*,  the  quaniiiy  of  deciriciiy 
which  will  tmvpnic  ihc  circuit  due  tw  the 
electro- magnetic  induciior)  wiH  be  given  by 

Q^^AH\R. 

Hence,  if  wc  measure  Q  by  passing  the 
induced  current  throuKli  a  galvanometer, 
in  which  case  the  ((uantiiy  A'  niu^t  include 
the  resistance  of  the  coil  with  the  con- 
necting wirci  ai>d  the  galvanunieter,  and 
we  knuw  the  quantity  A,  wc  can  calculate 
the  strength  of  the  magnetic  field  in  which 
the  coil  is  roiaicil. 

An  insiruinent  for  measuring  the 
•ircngih  of  magnetic  fields  on  thi»  prin- 
ciple is  shown  in  Fig.  \oo^  and  is  called 

an  earth  inductor,  from  ihc  fact  that  it  is  often  used  lo  measure  the 
slrenRth  of  ihe  earth's  ficM.  A  coil.  All,  containing  a  number  of  turns  of 
insulated  wire,  and  for  which  the  area  included  by  each  lom  has  been 
measured  so  llial  the  quantity  a,  which  is  the  sum  of  the  areas  included 
by  all  the  turns,  is  known,  is  supported  in  a  frame  in  such  a  way  that  it 
can  he  rol.ited  through  iwo  right  angl'-s  abnul  an  axis  SS*.     The  ends  of 
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the  coil  arc  connected  to  a  galvanometer  \t/  means  of  which  ibc  ijuaniity 
of  dectticily  which  pa.uei  rnund  ihc  circuit  cnn  be  moiiurcd.  tf  the 
axi*  Sh'  ii  pljiccd  vcriiral,  ihc  pUnc  of  ilie  coil  being  set  magnetic  cajt 
anit  H>rM,  and  ihc  coil  is  rotated  through  twx>  right  angles,  and  if  Q  U 
ibc  quantity  of  electricity  which  passes  through  the  galvanoinetrr,  we 
Itat'C  Q^sAHjR  i  lot,  as  the  coil  has  been  turm-d  atxiut  a  vertical  axis, 
il  has  not  intersected  any  of  the  lubcs  of  induction  of  tlie  vertical  com- 
ponent of  ihe  earth's  Held,  and  hi-nce  the  only  part  of  the  field  "ith  which 
we  are  concerned  a  the  honxuntal  component,  //, 

Next  suppose  the  aii*  of  rotation  of  ihc  coil  to  be  boriiontnl  and  in 
the  magnetic  meridian,  and  that,  starting  with  ihc  coil  in  a  horiinntal 
plane,  it  is  again  rotated  ihrough  two  right  angles,  the  quantity  of  dec- 
triciiy,  Q,  induced  being  measured.  In  this  case,  since  the  axis  about 
which  the  coil  is  rotated  is  parallel  to  the  difcciion  of  the  horizontal 
cotiiponcnt,  the  coil  will  not  cut  through  any  of  the  tubes  of  induction 
corresponding  to  the  hoiiiontal  component.  Hence  we  have  {^=3,1  VjR, 
where  I'is  the  vertical  component  of  the  earth's  field.  Uiridini;  one  of 
Ibese  exprcMions  by  the  other,  «c  get 

VJIf-QIQ. 

liui  if  &  is  the  dip.  then  tan  *—  17//.  Hence,  from  the  result  of  tn-o 
obvetrations  with  the  earth  inductor,  one  wiih  thcaxiiofroiaiion  vertical, 
and  the  other  mth  the  axis  horiionial,  wc  can  calculate  the  value  ol  the 
dip  .it  the  pl.icc  where  the  ob'>ervatioivs  arc  made. 

521.  Detei-mlnaUon  of  the  Value  of  the  Ohm  by  the  B.A. 
CommiltOC  -Ihe  lirsl  mrasurcraent  o<  a  resistance  m  jibsoluic  measure 
of  any  accuracy  wa»  performed  by  a  committee  of  the  Britisli  Association, 
by  a  method  involving  the  induced  t-M.F  produced  in  a  coil  when 
rotated  in  a  magnetic  held.  The  method  they  employed  consisted  in 
Spinning  a  coil,  of  which  the  two  ends  of  ihc  wire  »«re  joined  togeiher, 
^wui  a  tcnical  axis  in  the  earth's  field,  and  noting  the  dcjlcction  pro- 
duced by  ih«  currents  induced  in  ihc  coil  on  a  magnetite  needle  placed  at 
the  centre  of  the  coil.  If  the  dimensions  of  the  coil  are  known,  and  they 
were  determined  during  the  winding,  and  the  speed  of  loiation  when  tlie 
deflection  is  ineasuied  is  knoim,  i[  is  possible  to  calculate  the  lesistanee 
of  the  coil  in  ahsolute  mexsure,  that  is,  in  r.,p.j.  units.  For.  as  we  shall 
see  in  £  J16,  when  a  coil  mulct  in  a  magnclTC  field  an  induct^  E.M.F. 
will  be  produced,  and  the  current  which  ihiK  K.M,F.  will  send  round  the 
coil  will  be  invenrly  proportion.-!]  to  the  resistance  of  the  coil,  nhilc  llw 
dcAectioa  of  the  ne«)le  ulll  be  proponional  to  the  current,  that  is,  inversely 
proportional  10  ihe  resistance. 

From  tlie  results  of  their  measurtments  the  Committee  consirudcd  a 
number  of  coils  conMsiing  of  platinum  silver  alloy,  the  resistance  of  each 
of  which  was  equal  la  what  from  iheir  measurefnents  appeared  to  be  the 
value  of  the  ohm  as  dc5ncd  in  $  4S0.    These  coib  lure  been  pceser 
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■nd  are  knnwn  aa  the  B.A.  units.  More  tvcent  meajitimncnts  made  Vt 
ili«  same  iiieiliud,  a*  •vc.\  as  I>y  sct-L-nl  tliffcrcnt  methods,  iMre  sbsn 
tlui  the  ILA.  units  ate  not  cxactljr  i  ohm,  tbc  tni«  value  betDg,  I  lUi 
unit »  0.9866  ohm. 

Experiment  hot  also  ihown  that  ihc  resistance  of  a  coitnnn  orpn 
mcmiry  106.3  <^"i-  'o^K  S"*!  ""«  »qu«rt  millintctrc  in  cross-Kcriian,  "fct» 
at  a  lentptraiurc  of  o'  C,  i»  c(|uai  to  one  oluii.  As  the  rciiiKtaoce  <i  a 
»o1i(l  is  (lepciidcni  on  the  physical  slate,  Micli  as  the  hardness,  &c.,  tlmt 
is  Konxi  (IouIjI  whether  a  Sitaodard  reiiitaace  vompincd  of  a  wire  on) 
not  alter  in  iiiii«,  due  toachangi^  in  the  molecular  Mate  of  the  tneuL  li 
the  caie  of  a  li(|ui<l,  however,  such  a  molecular  chanjfe  is  not  10  be  iean<t 
fur  Ii(|uids  an:  not  able  to  take  up  a  stale  of  strain.  For  thij  reasan  ibc 
linal  standards  of  resistance  arc  composed  rA  mbcs  of  glass,  of  whidi  tbt 
dinicDsions  can  be  accurately  measured,  iiUe<i  mth  pure  mercury,  and 
the  sririe  standards  used  in  ordinary  work  arc  compared  with  tlMse 
incTcury  sTandanls. 

622.  DetermlDBtJon  of  the  Value  of  the  Volt— tf  the  abaelox 
value  of  a  current  and  of  a  icaistance  is  known  from  the  measunrmenlt 
made  by  the  methods  described  in§S5i5,  511,  ihcn,byp.-issini;  ihr  curreni 
through  the  rcustance,  the  absoluie  value  of  the  ILM.F.  between  ibt 
termiaals  of  the  rcsisunce  will  be  known.  Hence  of  the  three  clecirical 
quantilici,  anipere,  ohm,  and  volt,  the  knowledge  of  the  abwilute  value  o( 
any  two  enables  us  to  obtain,  by  means  of  Uhm'a  law,  the  value  of  |]it 
third. 

The  values  for  ihc  E.M.F.  of  the  Clark  and  cadmium  tiandard  cell^ 
given  in  %\  554,  ;;j,  have  Iiccn  determined  by  comparing,'  ilieir  E.M.F. 
with  1h.1t  developed  betucen  ilie  terminals  of  a  wire  of  known  resinance 
when  a  current  is  passed,  the  value  of  the  current  Iwliig  obtained  from 
the  indications  of  a  current  biilance. 

623.  Arago's  Experiment —  Foucault  Currents.  —  Arago  dis- 
covered that  if  a  copper  disc  \^  tulaied  about  a  »-ertical  aitis  betow  a 
pirated  magnetic  needle,  the  nerdle  is  deflected  in  the  direction  in  wfaicli 
the  disc  it  rotating,  and  if  the  speed  of  rotation  is  fairly  great  the  needle 
is  drnj;grd  completely  round,  »o  that  il  is  set  in  rrnaiion.  The  inverie 
cipciiment  ran  aUo  be  performed,  that  is,  if  a  magncl  is  rotated  near  the 
face  of  a  lopper  disc  which  is  free  to  ijini,  the  disc  is  Mt  in  rotation,  ilic 
direction  of  lomiion  being  the  same  as  that  in  which  ihe  magnec  is  being 
rotated  The  explanation  of  this  experiment  was  given  by  Faraday,  who 
showed  that  it  uas  due  to  the  reaction  between  tho  deciiic  currents 
induced  in  the  copper  dtic  and  the  magnei- 

Let  AB  (Fig.  501)  be  the  copper  disc  which  is  rotated  in  the  direction 
shown  by  the  arrow,  and  lei  NS  be  a  magnet  suspended  or  pivoted  above 
the  surlace  of  the  disc  The  tubes  of  induction  of  the  magnet  pass  from 
the  north  pole  v  to  the  south  pole  S,  spreading  out  in  the  air.  Some 
of  these  tubes  will  p.-iss  down  below  the  copper  disc  near  the  pol«  fr, 
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and  vrill  camv  u]>  ihrougli  titt  Jim:  near  5.     Hence  when  llie  diac  n  set 
in  TDlaiion  ire  tmve  ibc  jKirtions  of  ilie  conducting  (liic  near  N  and  S 
movinjf  M>ax  to  cut  through  Ilic  lubes  of  induction,  and  hcncr  an  E.M.K 
will  be  fct  up  which  will  cause  cuitcnu  to 
circulate  in  the  diic     Now  by  l^ni's  law  the 
dircciion  of  ilie  induced  currwits  miisi  he  suc:h 
iu  to  ttnd  10  ch«ck  tlie  motinii,  that  is,  iuch 
that  lliv  iotKK  which  will  be  called  into  piny 
between  thcic  induicd  cumntt  and  the  indue- 
ii>l[  magnet  will  be  so  directed  as  by  their  action 
to  r.hcd:  the  motion  which  causes  the  induced 
current*.     Ilrnce,  since  action  and   reaction 
HMiSt  always  l>e  equal  and  opposite,  a  force  will 
act  OD  llie  magnet  tending  10  move  it  in  the 

same  direction  aa  that  in  which  the  diM  ik  rotating.  The  dire<:t!on  in 
which  the  curnints  inu^t  flo™-,  io  »s  to  tend  to  luni  the  inu^-nct  in  tlie 
same  direction  as  that  in  wliich  the  disc  is  rotating,  can  be  obtained  by 
makin);  use  of  the  rule  given  in  g  47 1.  If  wu  iniagini.-  a  man  in  Ibc  disc 
near  n  facing  the  pote  so  that  he  must  be  00  hia  back,  then,  in  order 
that  ihc  pole  N  may  be  urged  towards  his  left  hand,  he  must  lie  with  his 
bead  towards  the  cirrumference  of  the  dine  and  his  feet  lowatds  the 
centre.  If  when  he  is  in  this  position  a  ctirrent  h  ilowing  from  his  feet 
to  his  head,  the  miignct  pole  N  will  bo  urged  towards  his  left  hand,  iliat 
b,  in  iIm  same  dlre<ciion  as  that  in  which  the  disc  is  ruiaiing.  In  the 
*amc  way  it  can  be  shown  thai,  in  order  to  produce  a  force  lietwcen  the 
nuignet  and  the  disc  lending  to  check  the  motion  of  llie  disc,  the  currents 
in  the  portion  of  the  disc  near  S  must  tlow  from  the  circumference  towards 
the  centre  of  the  disc  Hence  the  path  of  the  induced  ciuren is  in  the  disc 
is  somewhat  as  fthown  by  the  dolled  curtes. 

Of  course^  we  could  have  atri*^  liirccily  at  the  same  resu]l  by 
making  use  of  the  rule  jjivcn  in  §  519  lor  the  connection  bcin«cn  llie 
direction  iu  which  a  conductor  if  moved  Ihrougli  a  magnetic  field  and 
the  direction  of  the  induced  E.M,F.  Thus  the  portion  of  the  dijc  under 
die  pole  N  is  moving  in  a  magnetic  field  where  the  tubes  of  induction 
arc  running  downwards  and  hence,  if  the  right  band  is  placed  palm 
downwards  will)  the  lingern  pointing  in  the  direction  the  portion  of  llic 
disc  bctow  M  is  moving,  the  outstretched  thumb  nil)  give  the  tlirc<-iirin 
of  the  induced  ICM.K.,  and  tltis  will  act  from  the  centre  of  the  diK 
inwards  the  circumference. 

The  effccu  of  the  currents  induced  in  a  mass  of  metal  when  it  is 
mo\-ed  in  a  magnetic  fickl  was  very  strikingly  sJiown  by  Foucault,  who 
arranged  a  copper  diiC  so  thai  it  could  be  routed  by  means  of  a  handle 
and  a  train  of  wheels  bciwccn  llie  poles  of  a  [lowerful  eieciro-magneL 
Allhouch  it  w.-u  easy,  wbcn  the  magnet  Hits  not  e\riieid.  In  rornie  the 
disc  at  a  rapid  rate,  on  smniitg  the  current  in  the  electro- mag: net 
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llie  reaciion  on  account  of  ihc  indiicni  ninenis  w&s  %a  enArmout  An 
tlie  <!lit  w-a*  iniineOUtely  brought  aliDMl  lo  re»i.  and  it  roitld  onlj  h 
totaled  nt  a  companlirvlj-  »low  tpeed.  Tlicw  Lurrcnlo,  which  jfc 
induced  wilhin  a  man  of  melal  when  it  i>  in  a  [hanging  masatn 
field  or  is  in  moiion  in  a.  tleady  6e\A,  arc  generally  calleil  KoooA 
oirreni*.  The  cirrulftiinn  of  ihe  cinrenu  i«  of  course  accmmpMit^ 
by  th«  CMivcninn  of  electrical  energy  ■"«>  '■^■'t  Accortlinjr  to  Jmle't 
law,  to  thiLt  the  medianical  energy  whkh  has  to  be  spent  in  inoriDf 
the  i-oncluctor  appean  a%  lieai  developed  in  ti.- 

U*e  is  ofleii  mad«  of  Foucaitit  eurrcnii  to  citeck  the  oficillaliotu  ^ 
3k  »uspencle<l  matrneiic  nc«dl«,  rach  aa  a  galvanometer  rieedle,  irtMl 
are  often  a  muicc  of  considerable  loss  of  lime,  sinre  thr  needle  laktt 
some  lime  in  coming  to  rest  after  it  has  been  deAccied.  If  ihe  ne«dk 
is  turroundcd  by  a  thick  iroppcr  box  made  to  fit  as  nnnr  itie  needle  at 
pOCiible,  when  the  needle  it  in  o>rill:<iion  induced  currents  w-iU  be 
produced  in  the  copper,  which  wi!l  tend  10  check  the  tnoiion  of  the 
ne(.-dl«.  Under  these  circumstances  the  motion  of  the  needle  »  said 
to  be  damped. 

624.  The  Induction  Coll.— By  mean*  of  electro-magnetic  induclina 
it  i«  poisibJc  lo  produce  in  a  secondaij-  circntt  an  induced  E.M.F. 
which  is  hiti'her  than  ibe  E.M.F.  employed  10  pnvtuce  the  nitreoi  in 
the  primary  drcuit  If,  on  account  of  the  currcni  pusing  in  a  primafy 
circuit,  1  tube^  of  induction  paM  through  a  secondary  which  conniit* 
of  a  single  turn,  the  induced  E.M.F.  produced  when  the  current  in 
the  primary  i*  viiried  it  equal  lo  the  mie  of  change  of  n.  If,  bow- 
ever,  the  secondary  circuit  ronwsis  of  two  turns,  so  that  ihc  «  lubts 
of  force  due  to  ihc  primary  thread  through  both  turns,  ihc  E.M.F. 
induced  in  fttck  turn  will  be  etiiial  to  ihe  rate  of  ch.ince  of  m,  and 
hence  ihe  loial  E.M.F.  produced  in  the  circuit  will  he  ihe  sum  of  the 
E.M.F.'s  produced  in  il)c  two  portions  of  the  circuit,  that  \%  will  be 
equal  to  twice  tlie  nie  of  chan},'e  of  the  Dumber  of  lubes  of  induction 
whicli  paii  through  the  secondary.  Tims,  by  intrciising  the  number 
of  tiim»  of  ihc  ipcondary  circuit,  the  induced  K.M.F.  pmdurrd  by  a 
given  rate  of  rhnnjte  of  ir  ctn  be  made  very  great.  One  of  the  belt 
known  arranKemrnts  for  obtaininK  a  very  high  E.M.F.  by  means  oi 
elect ro-ma(^clic  induction  i«  the  induction  coil  which,  since  it  was  first 
employed  by  Ruhmlcorff,  is  often  called  Rulimkotflfs  coil.  The  prinuuy 
of  lhe«e  coiU  conv.its  of  n  comparatively  few  number  of  turns  of  fairty 
thick  wire,  which  J*  wound  on  a  core  compo»ed  of  soft  iron  wires.  The 
ohjcct  of  the  iron  core  is  m  increase  the  indiiclion  ihmugh  the  prinuiry 
produced  by  any  given  current,  as  was  explained  in  S  i'3.  The  reason 
why  wires  arc  used  insiead  of  a  solid  rod  is  to  prevent,  as  much  as 
possible,  the  formation  of  Foucuull  currents  in  the  mass  of  the  irun,  since 
these  currents  would  not  only  waste  ihe  electrical  energy  used  lo  work 
the  coil,  but  would  a'su,  by  their  reaction  on  the  primary  cuntni,  tend 
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to  keep  this  current  from  cbani;inK  mpiilly.  For  ibey  would  produce 
lubeft  of  induciion  in  »uch  a  dire<.'(iun  a$  to  l:eep  the  Intnl  induciion 
throuffh  the  pritiuuy  constftnt  when  the  stmigih  of  the  primary  ciirrent 
ii  altered.  The  in>n  utcd  must  be  of  a  ver>-  soft  quality,  so  thai  the 
hyxtetcsif  and  rctidual  niagnclitm  which  it  pnssc-sacs  may  be  as  small 
as  possible,  for  ihc  eflcct  of  hytlere&U  is  to  convert  sniriie  of  [lic  elec- 
irioil  energy  into  heat  us  well  as  to  make  the  chunjfcs  in  the  iiiduciiun 
throuftl)  the  coil  slower.  Kound  llic  outside  of  the  primary  coil  is 
wotind  a  »emn<bry  coil  consisting  cif  a  very  large  number  of  lumi 
of  fine  wire,  each  turn  being  \-cry  well  insulated  by  mean*  of  a  covering 
of  silk  and  ahcllac.  The  ends  o4  the  secondary  are  gencmlly  connected 
to  two  insulated  bi'ass  rods,  the  ends  of  vhich  form  a  spark-gap  of 
adjustable  length.  The  current  in  the  primary  circuit  being  alternately 
made  and  broken,  tlic  induction  through  the  secondary  chartges  and 
an  induced  K.M.P.  in  produced  in  the  secondary,  which  h  in  one  diicc- 
tioD  when  tbe  current  is  made  and  in  the  opposite  direction  when  the 
current  ii  broken.  Various  arrangements  arc  employed  fur  automati- 
cally making  and  breaking  the  primary  current.  In  some  of  llicie 
a  Moall  electric  motor  makes  and  breaks  ihc  current  by  dipping  a 
rod  of  phittnum  into  a  mcrcutj-cup.  The  more  usual  arrangement, 
at  any  rale  on  small  coils,  is  to  have  a  sniall  piece  of  iron  fixed  to  the 
end  of  a  spring,  so  that  vhcn  ihe  current  passes  and  in.-igneliscs  tbe 
iron  core  the  piece  of  iron  is  aiiracieci.  When  no  current  is  pa«ing, 
the  spring  keeps  the  iron  a«'av  from  tlie  end  of  the  core,  and  makes 
contact  between  a  piece  of  platinum  xwcA  t<>  ihc  back  of  the  iton  and 
a  platinum  poiot  which  is  attached  to  a  pillar  carried  by  the  base  of 
tbe  coiL  Tlie  primary  current  passcTi  I)etweeD  the  platinum  point  and 
tbe  spring,  and  hence  when  the  iron  hammer  Is  aiitactcU  by  the  core 
tbe  primary  current  is  interrupted.  The  tnierrupiion  of  the  current 
cauMS  (he  core  to  lose  its  ntagnetism,  so  that  it  no  longer  attracts  Ihe 
hammer,  and  hence  the  spring  forces  it  back  againtt  (he  platinum 
point,  thus  again  conipleling  the  prinury  circuit. 

Since  the  magnitude  of  the  induced  K-M.K.  depend*  on  (be  rate 
at  which  ike  number  of  lubes  which  thread  through  the  secondary 
change,  it  is  of  importance  to  make  the  starting  and  stopping  of  the 
primary  current  as  suddert  as  |K>«iible.  Now  it  has  been  shown  in  §  518 
that,  on  account  of  the  self-induction  of  a  circuit  in  which  a  current  is 
stopped  or  sianed.  the  current  docs  not  reach  its  full  value  at  once,  nor 
■loe«  it  die  away  insiantanenusly.  The  effect  of  vlf-induclion  is  shown 
very  markedly  by  the  spark  which  is  produced  ci-ery  time  the  primary 
oifreni  is  broken.  It  has  lieen  found  that  the  intensity  of  IIk  ipoik 
formed  at  the  break  can  be  considerably  decreaMd,  and  henc«  the 
rapidity  with  which  Ihe  prunary  current  stops  increased,  so  that  the 
inducet!  E-M.F.  is  also  increased,  by  using  a  condenser,  fbrnved  by  a 
number  of  sheets  of  tinfoil  separated  the  one  from  the  other  by  sheets  of 
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paraffined  paper,  one  annature  being  connected  with  the  spring  of  tb 
inierrupter  and  the  other  with  the  platinum  point-  In  this  way  ibi 
condenser  and  the  primary  coil  are  connected  id  parallel,  and  it  can  bi 
shown  thai  connecting  a  condenser  in  this  way  has  the  same  effect  a 
if  the  self-induction  of  the  coil  were  reduced. 

By  means  of  such  a  coil  it  is  possible  to  produce  a  spark  bet»«o 
the  terminah  up  to  about  to  inches  in  length,  and  this  when  the  E.M.F 
used  to  produce  the  primary  current  is  only  a  few  volts,  and  would  b 
quite  unable  to  produce  a  spark  of  a  hundredth  of  an  inch  in  leogtb 
Although  the  E.M.F,  of  the  induced  current  is  very  great,  the  quantit] 
of  electricity  which  traverses  the  secondary  is  excessively  small,  for,  a 
account  of  the  great  length  of  the  secondary  wire  and  its  small  diwuetei 
the  resistance  of  the  secondary  is  very  great. 


CHAPTER   XIV 


EhnCTRO-MAGSETlC  MACHINES 

S2&.  Barlow's  Wheel. — One  of  Ihc  simplest  arruiKeinents  Tor  can* 
vcningelwlrical  energy  into  mechanical  cnergj-  h  thai  known  a>  Bartow's 
wheel, aad  b  shown  in  icciion  in  Fig.  S<>^  A  ropptr  disc,  a,  U  moutiicd 
on  n  hoiiatntal  axle,  the  bottom  eUjie  of  ihc  di»c  juM  dlppinK  inro  lomc 
mercury  placed  in  a  tmall  dish  o.  The  disc  A  turns  between  ihc  poles  of 
a  maxoet,  NS,  and  a  cuncnt  it  paucd 
through  (tie  diw:  bclsecn  the  mercury 
dith  D  and  the  axle.  I'hut  in  ihc  purlion 
of  the  di»e  A  between  the  pules  of  the 
magnet  we  have  an  electnc  current  flow- 
ing; at  right  angles  to  the  liacs  of  force  of 
tbc  field,  and  theieforc  the  conductor 
coflveying  the  current,  that  is,  ihc  diic,  is 
acted  tipon  by  a  force  tending  to  move  it 
M  right  angles  to  the  lines  of  force  and 
to  the  direction  of  the  current,  i.e.  to 
rMaie  the  diic  about  the  axle. 

If  the  wheel  h  roiaicd  by  mcchanicRl 
mcank,  and  the  wires  k  and  r  are  joined  lO);etlier,  a  cuncni  will  be  pro- 
duced in  this  tirtuii,  for  the  portion  of  the  circuit  which  is  fomwd  by  the 
radiu*  of  the  diic  beiween  the  axle  and  the  metcuiy-cup  will  be  moving 
at  right  angles  to  the  line*  of  force  of  a  magnetic  lield,  and  licnce  will 
be  tlx-  K-at  of  an  induced  E.M.K.  The  direction  of  the  rotation  of  the 
wheel  in  llie  fir»l  case,  and  that  of  the  induced  current  in  ihc  second,  can 
easily  be  obiained  by  means nfibe  rule  given  in  ^  519. 

SM.   Induced  Currents  produced  by  Rotatlngr  a  Coil  In  a 

Hl^f  ^^  Ftold. ~ SuppoiC  that  a  tc<r1an;;uUr  citcii:!  of  length  if  and 
breadth  <ti*Ti>taIedatioiii  an  axiiAii,  Fig.  5oj«i,  which  is  al  nf; hi  angle*  10 
the  lines  of  forrc  of  a  unifonn  5c'd  of  strmgih  /A  and  thai  ihe  ends  of  the 
icctangle  are  connected  with  a  stationary  circuit,  ihc  reuslance  of  this 
cttmil  and  of  the  rectangle  being  X.  Let  us  stnrt  with  the  rectangle  in  lh« 
position  rt>,  Fig.  503  (A),  in  whkh  it  is  at  right  angles  to  the  lines  of  force 
of  the  field,  so  that  the  nttmher  of  tubes  passing  through  the  rectangle  is 
ai./f.  Suppose  now  that  Ihe  rectangle  is  turned  into  the  position  tfx/, 
mktng  an  angle  6  with  Clx    The  number  of  tube*  which  noir  put 
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ihrou^  the  rectanftk  i«  evidently  coiual  to  tlie  apparent  ar«a  of  ibe 
rccianclr,  as  seen  in  (he  direnion  of  ihe  lubes,  mulUpltcc!  by  ti.  But  iIm 
ai«a,iu><«ninil>e4irccikin  of  the  lubet,  is  eqnal  lOi/.Er  or  z^.ka.  Bo! 
KA  — AC  cot  ^-•/r,'3.c-u«  Q.  Hence  the  numberof  tabes  of  induciioiipatv 
icijf  tIiroO)£h  the  reciati|;le  in  its  new  poiiliion  ii  ai/f  c<*s  0.  If  ihcBtiKobr 
vclncity  of  ihc  coil  it  unifomt  niul  equal  (o  a>,  iind  if/  is  ihe  time  nacelle 
■coil  tlaited  front  tli«  position  ci>,  ww  have  ff^tat.  Nowsuppose  thai  in 
[tbe  Miiall  tinw  0/  ilie  coil  luriH  through  the  angle  S0.  Tlienunibcrii 
lubes  now  paising  Ihroujjh  tin;  circuit  will  be  ai//  co»  (tf  t  iff).  Hcnu 
in  the  srtiaLI  tiroed/lhc  number  of  lubri  has  decreased  by  flrf/^to*{# +  8^ 
-co»  61  Now  co»(tf+W)-«>9  ffcvu&fi-  sin  C  sin  i*R  If  ^(t  is  very 
snn)]  cos  <^tf  =  i  and  sin  t$=BO,  so  that  the  decrease  in  tlie  number  oF 
ti^K^in  the  tinM  ^/ is  >rjt//stn  0.6$.  NowtliedecteAiic  in  ihenmntxiof 
tubes  divided  by  the  time  during  whkh  this  decrease  lakes  place  it,  if 
ibc  decrease  j;oe»  on  at  a  comsiani  rate,  and  since  3/  is  very  small,  *t 
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may  consider  that  ut  any  tste  during  this  lime  that  tliis  is  so,  eqtiaJ  tn 
the  rwV  of  decrease  ofihe  number  of  tubes,  and,  as  we  ha\-c  seen,  this  ti 
eqaa]  to  the  induced  F.M.F.  Hence  the  induced  E.M.r.  is  eipiat  to 
ir*//3C  sin  0:&/,  or  aif/u,  sin  0.  Hence  the  induced  electromotive  force 
a  at  any  tin)c  proportional  to  the  sine  of  the  angle  wliich  iliu  plane  of  the 
eoii  wakes  with  the  lints  of  force  of  tlic  field.  Thus  if  £  is  the  induced 
E.M  F.  ai  a  time  /  after  the  instant  when  the  coil  passed  ihrouxb  the 
position  CD,  we  have 

f:=S/U  sin  0=S/fu  sin  «./, 

where  5  has  been  written  for  the  inductive  area  of  the  coil.  Siocc  the 
resistance  of  the  coil  and  its  connected  circuit  is  /i',  an  clectromoii\«  force 
£  will  produce  a  current  C  given  by  the  irlation  C''£IX,  Hvnoe  if  the 
CiUTCnt  ID  the  coil  at  a  time  /  is  C,  we  have 
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Thus,  as  the  coil  rotates,  a  periodic  airrent  and  E.M.F.  will  b«  pn>. 


diiced,  ilie  maximum  currcm  oirciirriiig  when  (?=9o',  so  tkil  sin  9=!, 
tli«  nuxiniuni  valuv  o{  il-.c  E.M  F.  being  uS//,  and  ihat  of  tti«  cuncni 
mS//;A'.  When  tlie  plane  of  ihe  coil  is  at  (jjihl  angles  lo  the  linen  of 
force  of  Ihe  fie]<I  0=o  or  iSo*,  and  sin  (f^o,  so  that  the  induced  E.M.K. 
and  aUo  the  ctrnent  is  z«nx  While  $  chnngcs  from  180*  10  370*,  the 
iDduccd  E.M.F.  chansct  from  «io  to  -a>Sff,  and  ilic  rurrcni  incrcMCS 
from  o  to  ~vSH!K.  The  iiiinuii  itgn  shows  thai  the  current  i»  in  the 
opposite  direction  to  whiit  it  wus  while  6  inciCit^td  from  o'  to  90',  For 
0^170'  ihe  torrent  is  again  a  niniiniuui,  but,  as  we  have  pointed  out,  in 
the  Degaiitv  direction.  As  9  chnntres  from  a^o"  to  yio',  (be  current 
decreatsev  to  lero,  while  as  0  ch.ingc&  from  o'  to  90"  the  current  in  again 
in  the  positive  direction  and  inrrcnsri  from  o  l<>  vSflj.  A'. 

Thirt  in  the  circuit  attached  to  the  coil  a  current  will  be  produced 
which  changes  its  dirrciion  twice  in  each  revolmion  of  the  coll,  ihr 
Ruximuia  current  in  each  direction  being  the  same.  Such  a  currcm  is 
called  an  altcrnaiin);  current. 

It]r  laiiahle  armnKemeRts  this  alternating  current  in  the  circuit 
attached  to  the  coil  can  be  changed  into  a  current  which  alw.-iyK  flow* 
in  tlie  same  direction.  Undcnhesc  circumstances  the  altemalinti;  current 
b  said  to  be  rectified.  A  method  «f  rcaifying  the  current  consists  in 
(ittbs  31  copper  lin^'iin  tIieaxl(--on  which  the  coil  turns,  which  is  insulated 
Iram  the  axle,  and  h  in  addiiion  split  along  two  generatinf;  lines  which 
are  on  oppoute  sidc«  of  the  ring  as  shown  at 
a^J,  Fig.  504.  Twn  copper  springs,  li,  and  1*, 
called  brushes,  rest  against  the  copper  ring, 
Mid  are  OMnccted  lothe  two  ends  of  the  external 
circuit  One  end  of  the  coil  is'connecied  to  a/- 
and  the  other  to  ''li.  The  pmitions  of  the  two 
bivsbes,  B,,  B^  are  10  arranged  that  a»  the  toil 
revol^'es  the  brushes  cross  tbc  gaps  ad  and  A- 
in  ibe  ring,  just  as  the  coil  it  passing  through 
Ibe  position  tn  whtcb  its  pbne  is  perpendicular 
to  the  linct  of  Ibrcc  of  the  field,  and  hence  the 
induced  rurreni  is  ictol  Suppose  that  when  tlw 
coil  is  in  the  position  c'd'  (Fig.  y>i)  the  end  of 
lh«  coil  connected  with  at  is  at  the  higher  potential,  so  that  tlte  current 
in  the  external  circuit  is  going:  from  b,  to  ty  When  the  coil  has  passed 
through  the  position  in  which  its  plane  is  at  tight  angles  to  the  lines  of 
(OKK  of  the  field,  the  direction  of  ilie  induced  E.M.F.  will  he  rc»-erscd  ( 
ihul  ifrwill  now  be  at  the  higher  potential  The  copper  c«n<luctor  rfr  will 
now  be  in  coni^ici  with  the  bruili  ii„  and  hence  the  current  in  the  enteinal 
drtuii  ml)  Mill  flow  from  tt,  to  IV  Although  the  cunem  in  the  external 
drcuii  i»  now  alwajrt  in  the  same  direction,  it  is  not  a  constant  current, 
but  twice  in  t\trf  resolution  it  is  leio,  and  mice  reaches  a  maxinnin) 
vtlue  of  mSUlR.    'Die  diflerenoe  between  this  rectified  cur 
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■licroaling  current  can  nwai  clearly  be  m«b  frain  l"\g.  ;o^  where  A 
repnsonts  the  maoncf  in  which  tlic  ahcrnaiinK  current  varies  with  ihc 

\\nw.  which  is  uiccn  as  abidtH, 
•  >'     \  /     N  while    at    n    th«  correspootliac 

rA    cune  in  the  cam:  of  the  rectiBed 
current  it  shown. 

If  .1  i«cnnd  coil  of  the  utnr 
dimcnuonta^  the  first  w«tg6u(I 
lo  ihc  fJtn-nC  axle,  h>  thai  i(«  pUse 
H-4S  at  ()|{bt  mimics  in  thai  of  the 
lint,  iiiid  it  were  iupplie<l  wjib 
il»  own  cutiimuttiior,  the  btuthci 
being  conncneil  to  iIm;  same 
circuit  as  the  firtt  in  sudi  a  vaf 
liial  the  cuirrnis  produced  bf 
ihc  IVfO  coiU  in  (h«  external  ci^ 
cuit  were  in  Wtv  Mtne  direclion, 
llieo  the  ttciual  current  in  the  circuit  would  be  obtained  by  cointnning  l«o 
such  curves  ai  that  iit  Fig.  jo;  a  From  the  fact  that  oiic  coil  i^  placed 
a  quarter  uf  a  revolution  in  advance  of  the  oihcr,  the  two  curves  laua 
be  displaced  b)'  a  time  equal  to  a  quarter  of  a  i«v(i!uiion,  the  one  ailti 
respect  to  Ihc  other.  In  Y'\g.  50;  c  the  dotted  ciir\M  ri^preseni  the 
cuirenti  due  to  the  two  <:oib  scparaicly.  jiod  (he  full-Uiic  turvc  the  nciml 
currcni  due  to  the  combined  action  of  tbe  two.  It  will  be  noticed  hv 
much  more  nearly  uuifurm  is  tlic  current  than  in  the  c.^tc  where  onty 
one  coil  ii  uicd,  anil  hence  it  will  be  undcniood  how,  hy  incnKtsint;  the 
number  of  coils,  »  hnt  ii  pmctically  a  unifomi  current  can  be  obi.iined. 

527.  Machines  for  the  Conversloii  of  Hechanltial  EnerKry  Into 
Electricity.— The  arrangement  described  in  tin  Uii  st-ciion,  alibouEh 
fFon>  its  extreme  siinplicily  it  wa*  uwrful  as  a  means  of  cxpUlning  the 
production  of  the  cutrcnii  indut-cd  in  a  coi!  when  rotated  in  n  magnetic 
field,  yet,  on  account  of  the  wtiiknut  of  any  imiforai  field  of  the  extent 
wc  there  supposed  nnd  one  produced  in  a  space  which  wiig  quile  free 
from  iron,  the  currents  induced  would  only  be  very  wcaV.  In  order  to 
obtain  Mrongfr  rurrcnls,  it  is  necessary  to  have  rccourw:  to  the  use 
of  iron  in  order  to  increase  the  induction  through  ilie  rotating  coil. 
Atthou^h  the  systematic  description  of  even  one  or  two  of  the  different 
form*  uf  machine  which  are  used  in  practice  fur  obtaining  the  strong 
cunenit  which  ate  now  used  is  quite  beyond  ihc  »co])c  of  this  bool:.  yet 
it  may  be  of  use  10  devote  a  few  paKi^s  ii>  oonsidciing  the  more  general 
features  which  arc  more  or  lcs«  common  to  all. 

In  the  ftisi  place,  from  a  historical  puiDi  of  view  rather  than  a 
practical  one,  such  machines  can  be  divided  into  two  classes  acoordiag 
10  the  means  adopted  for  the  production  uf  the  magnetic  field  in  which 
the  conductor  in  which  the  currents  are  induced  is  moved.     Machines 
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in  which  the  tidd  i«  produced  by  means  of  permanent  steel  mHgneis  are 
called  niagneio  machines,  white  those  tii  which  ibe  field  U  jinxlaced  b^ 
electro- ma j* nets  are  Ciilled  dynaitios. 

The  small  mai:biii««  which  are  used  for  ihc  prailuclion  of  the  currents 
of  electricity  used  in  niedicinc  are  esaniplej  of  magneto  machines.  The 
field  i*  produced  by  a  horic-shoc  magnet,  while  the  coil*  in  which  the 
induced  currents  aic  gcnenitcil  ace  nound  on  Knft  iron  cnics.  Tlie  €oil* 
and  their  cores  arc  rotated  near  the  poles  of  the  maKncl  iu  Micli  a  way 
iliat  ilie  ends  of  the  corei  are  brought  Alicmately  near  the  north  pole 
and  the  loulh  jiole  of  tlie  ma);>iet-  1'be  tl-suU  is  tliat  the  cures  become 
maKnctiied  alternately  in  one  direction  and  the  opposite:,  and  hence  the 
induction  througb  ihe  coiU  wliich  arc  wound  over  ihc  cores  is  changed, 
being  in  one  direction  »hen  the  forc  is  opposite  the  north  pole,  and  in 
the  opposite  direction  uhen  the  oore  is  opposite  the  south  pule.  If 
re(|tiircd,  the  alicniating  currents  thus  produced  are  rcc(i6ed  by  mean» 
of  a  coounutator,  such  as  was  described  in  the  last  section. 

S28.  Dynamo  Elsctrlcal  Maehtnes.--lndynamoelecicicaI machines 
Ihe  magnetic  field  i^  produced  by  mi^aiis  of  elect  to- ma);  nets  which  are 
magnetised  by  sending  either  ilic  whole  or  part  of  the  current  pro- 
duced by  the  ninchinc  round  the  cihIs  of  these  mn^eis.     I'hc  coil  in 
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which  the  ciinenl  is  induced  Is  called  the  armaiutc.  while  the  elcctro- 
magtiets  arc  calleii  the  field  Diaj-ncts-  There  arc  a  great  number  of 
diifeieni  fonns  of  armatures  in  use,  and  we  shall  only  describe  ihc 
principles  on  whirh  the  action  of  three  of  these  forms  depend. 

Tbe  Siemens  amiaiiire  coiuists  of  a  coil  of  inxuLiied  wire  wound 
lofi^tudinally  on  a  cylinder  of  soft  iron  as  shown  in  Fijr.  506.  Tliis 
aimaiure  is  roiaird  between  ihe  pnW  of  ihe  field  magnet  NS,  and  as 
it  rotates  the  induclion  throunh  the  mil  chanj;e»  in  very  much  the 
same  way  aa  occurs  in  the  simple  c«tl  considered  in  %  ^ih,  only  the 
preseiKe  of  the  soft  iron  core  on  whiuh  the  coil  is  wound  very  much 
incitaues  the  induction  through  Ibe  coil  when  it  is  placed  in  a  {-it-en 
Bwqrnetic  field,  if  a  continuous  current  is  re(iuired,acommuUitor  is  used 
(o  rectify  the  aliemaiin];  current. 

The  Cnunme  armature  is  shown  diaitranimaticnlly  in  Fig.  508,  and 
tbe  construction  of  an  acttisl  armature  is  shown  in  Fijc.  507.  This  artna- 
ture  coiuists  of  a  soli  iron  ring  AA'  (Fig.  joS)  on  which  is  wound  a 
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cobiinuou*  cnil  of  wire.    Tlw  oommutaior  used  con»isU  of  a  numlMflt 
oap[A:r  bars,  «  (Fijf.  507),  whicb  arc  M-pAiatod  from  one  another  by  mhm 

iiitulaling    tnaiciial,    usuan]r  mia. 
£Mch  of  tbese  ban  b  conuccicd  mu 
a  point  on  the  wire  which  is  uoutid 
(ui  the  iron  rtng'.     I'hc  annaiuvc  » 
callable  uf  being  routed  aboui  u 
-nii  jierpirtitliciilar  lo   its   pboc  be- 
tween the  poks,  NS,  of  iin  electro-      ' 
magnet.    On  luroiint  of  the  greater 
permeability  of  the  iron  of  the  ring 
than  thni  of  ili«  air  or  other  oon- 
magnetic    materials     bcinTcn    ifae 
po1e4,  the  liiiei  of  induction  ciord^ 
through    tile    iron    in    the    nutBn«ffl 
>huwn  in  Fig.  509.   Suppose  now  tbai^ 
the  armniure  \t  rotated  in  the  din^ 
lion  indirjiicd  by  the  arrou-  in  Fig.  h 
$oS,  and  ronsider  one  turn  uf  ilia  H 
wire  a^  which  Is  wound  on  the  nng.     In  the  position  in  whkh  the  turn 
ai^  is  shown  there  are  no  tubes  of  induction  pnssinK  through  it.    As.  hoo'- 
ever,  the  armature  rotates  the  number  of  lubes  of  induction  passing.H 
through  the  coil  incnascs  till  it  ci^aches  Oie  potition  de/.    The  result  of  ^ 

The  incrcaK  of  the  number  of 
'  lubes     of    induction     passing 

ibrciugh  the  coil  is  lo  c^use  the 
proiluction  of  an  induced  E.M.F. 
tending  to  send  a  current  in  the 
direction  shown  by  the  arrow. 
As  the  coil  pastes  from  dtf  \a 
ghi  the  number  of  tubes  of  in- 
duction which  P.-1S1  through  it 
decreases,  and  an  induced  cur- 
icnl  in  llic  reverse  direction  » 
|jr>jJuced.  As  the  coil  passes 
from  gki  to  klm  the  number  of 
lubes  which  thread  through  ii 
increases  but  ftincc  they  now 
pass  throu};li  in  the  opposito  S 
direction,  the  iodULfd  E.M.F.  is  V 
in  the  sanic  direction  as  it  was 
Iwtwren  dff  m\A  ghi.  Between 
//m  and  ■t^i' the  numherof  liibcs 
which  pass  through  in  tills  new  direction  decreases  ifid  since  this  b 
l)ie  same  thing  ai  an  increase  in  the  number  of  lubes  passing  in  tht 
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opposite  dircciion,  ihe  induced  E.M.F,  will  be  in  ihe  sainc  direction 
at  il  was  while  the  ring  was  passing  Irom  itic  lo  def.  During  ihe 
mtaiioii  of  tlie  armature  each  coil  in  succession  goes  through  the  same 
Bcrie*  of  condiiioni  as  the  one  wc  have  been  considering,  and  ihc 
resutl  is  thai  the  induced  E.M.F.  in  the  hslf  ai>a'  of  the  mils  are  all 
in  the  ^anle  direction,  and  so  the  aclusl  induced  E.M.F.  between  the 
poinii  /and  m  is  the  suiii  of  the  E.M.F. 's  induced  In  the  scpniate  coils 
between  these  points,  while  an  ci|iia1  and  opposite  E.M.F.  i»  induced 
m  lh«  ccmIs  in  the  half  A'c.i,  Since  ihe  induced  E.M.F.'s  in  llie  (wo 
halves  of  ihc  armature  are  eijual  and  opposite,  ilicie  i»  no  E.M.F. 
tending  to  cause  a  current  lu  circulate  luund  the  armature,  atiliough  this 
consists  of  a  closed  circuit,  but  an  E.M.F.  is  produced  between  the  bars 
J-  and  y  of  the  ciitnmutnlor.  lieticc  if  two  bnishes,  li,  is',  ninkc  contact 
with  the  commutator  j>t  :t  and  y  respect  ively,  and  these  brushes  are 
connected  to  an  eitcmul  circuit,  n  current  will  be  produced  in  (hii  circuit. 
If  the  cirenEih  of  the  current  produced  by  lh«  machine  ia  C,  then  each 
half  of  the  amiaiiire  is  traversed  by  a  current  C/'i. 

The  figure  alia  shows  ibe  manner  in  which  the  current  prodnced  is 
used  to  mafi'netise  the  field  nu|;ne<9.  When  the  machine  is  started,  on 
account  of  the  residual  magnciism  retained  hy  the  cast  iron  of  which  the 
cores  of  the  field  magnets  arc  composed,  there  existsa  weak  field  between 
the  poles.  Tbo  roution  of  the  armature  in  this  field  pioduces  a  sinatl 
current,  which  traverses  the  coils  of  the  Aeld  magnets  and  increases  ihdr 
magnetism,  and  ihi*  increase  in  the  field  increases  the  induced  E.M.F., 
and  hence  also  ihe  current  passing  through  the  field  magnets.  This 
action  of  the  induced  current  in  increasing  Ihe  strength  of  the  field 
gncs  on.  (ill,  on  account  of  saturation,  the  magndis-ilinn  af  the  magnets 
does  not  increase  a»  the  magnciiiitig  current  incteascs. 

In  the  dewription  given  above  wc  have  supposed  that  ihe  lines  of 
induction  ofthe  magnet  which  paut  through  the  ring  remain  unaHlKted 
when  the  armature  miates  and  the  machine  produces  a  ctirreni.  llits, 
bowex-er,  is  not  ilie  case,  for  the  current  passing  through  the  armature 
causes  hnei  of  induction  lo  pass  through  ilie  ring.  Hence  Ihe  form  of 
the  actnat  tubes  of  induction  in  the  ring  is  obcaincci  l>y  compounding  the 
6e1d  due  to  the  field  magnets  with  ihM  dtie  to  the  current  in  the  nimaiure. 
The  result  is  (hat  the  lubes  of  induction  have  (he  form  shown  in  Fig.  510^ 
and  as  a  result  the  pnintu  of  the  armature  where  the  induriimi  through 
(be  cnil  Is  a  maximum,  instead  of  being  along  the  line  Aii,  as  we  have 
supposed  in  our  descitption,  Arc  along  ihc  line  a'e',  being  displaced  in 
the  direction  iit  which  the  annalure  is  rotating.  The  magnitude  of  this 
displacement  of  Ihe  points  uf  maximum  induclion,  and  hence  also  of  the 
positmns  where  ihe  brushes  must  toucli  the  commutator,  depends  on  Ihe 
strength  of  the  cunr-nt  the  mnrhine  is  sending,  so  that  mechanism  is 
DHially  provided  (oattowof  ihc  position  ofthe  bnishe^  being  adfiMed. 

Since  in  ibe  Giammc  armaiute  the  intMlc  puriton  of  each  tani  of  1 
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wire  on  ihc  armuuT«  move*  in  Rich  a  way,  thai,  .it  shown  in  Fig.  joS,  h 
doe»  not  cut  any  lines  of  indaciion.  orst  any  raic  vcrylcw.lhts  poriionef 
ibc  wire  \\SA  rtry  liille  beneAdal  effect  as  far  at  lli«  production  of  sn  inducnl 
£.MF.  is  concerned,  while,  since  ihc  induced  current  hat  to  pass  throufli 
ibis  wirv,  clecincal  cncrtry  is  wasted  to  healing  the  wire,  acoordinK  lo 
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Joule's  law.  Hence  the  Cramme  annaiiirc  is  better  fitted  tor  the  pn>- 
ilitciion  of  smnll  currents  nt  a  tiigli  potential  tlian  of  very  stranj'  curreni^ 
On  this  actiiuni  a  difTcccnt  foiin  of  winding,  called  the  dntin  winding,  is 
adopted.  In  one  form  of  armature  a  cyiiodrioil  core  of  soft  iron  is 
mounted  so  us  lo  be  capable  of  rotation  about  its  axis  between  the  poies 
of  the  field  m;ignets,  and  is  wound  nitb  wire  in  the  manner  shown  dia- 
gramma) i rally  in  Fig.  511,  tn  which,  for  simplicity,  only  four  coils  an 

shown,  and  each  coil  is  supposed  to  consist 
of  only  one  turn-  In  this  arranftement, 
each  turn,  or  set  of  lunifi,  *liich  builds  up 
ucli  section  of  the  armature,  is  wound 
rountl  the  cylintler  in  very  much  Uie  same 
way  as  the  single  coil  in  the  Siemens 
armatutc.  The  ends  of  each  turn  or  coil 
are  bn>iit:ht  lo  connccuiivc  bars  of  the 
commui.itor,  and  tlie  end  of  one  turn  or 
coil  U  cunnecied  lo  the  same  bar  as  i)ic  Ix-cinninK  of  the  nest  luni 
or  coil.  Takiti);  any  turn,  it  will  be  seen  ihiil  llie  opposite  sides  are 
cutting  throut;h  tlie  tubes  of  induction  in  opposite  directions,  so  tbalt 
ns  in  the  case  of  the  simple  coil  considered  in  Jj  jib,  ilieie  is  an  E.M.F. 
acting  round  the  coil,  and  both  sides  of  the  turn  cut  through  tubes  of 
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bduction,  and  hcnc«  contribirte  to  the  induced  E.M.F.  TTie  current  is 
taken  from  the  armature  by  meaDS  of  two  brashes  making  contact  irith 
the  commutator. 

In  the  rawof  each  of  the  fonnK  of  dynamo  conudcrcd.  if  »cnn(inuous 
current  in  sent  through  the  field  maynclsand  aimature,  this  latter  will  be 
set  in  rotation,  so  thai  ihcy  will  also  function  as  clccinc  nioiorv  for  con- 
verting eirctriral  cner(;y  into  mechanic.il  worlc.  A  consideration  of  the 
force  nliich  acli  on  a  conductor  conveying  a  Lurrcnt,  whi-n  it  is  placed  al 
right  angles  to  the  lines  of  forte  of  a  mugiiclic  field,  will  at  once  show 
how  it  t«  these  machines  »ill  ai.l  as  iimiiiii. 

629.  Series,  Shunt,  and  Compound  Hachlnes.—In  the  preceding 
tcclion  vre  have  supposed  that  the  amiamre  and  the  coils  of  the  field 
ina)[ncts  were  arranged  in  series,  so  that  the  nhole  of  the  current  pro- 
duced by  the  machine  passes  round  the  mai^ett.  This  arrangement  is 
called  a  series  machine.  Since  the  E.M.F.  induced  In  the  armature  i* 
propoitionul  to  the  siieiigth  of  the  magnetic  field  in  mliich  the  armature 
turns,  it  follows  that  in  a  scries  machine  the  E.M.F.,  or  vollagc  as  it  it 
called,  increaiu  as  the  current  which  the  machine  n  fumisliing  increases, 
tlie  speed  of  roiaiion  being  supposed  constant.  Since,  as  uc  have  ]>riinicd 
out.  the  constancy  of  the  voltage  supplied  to  incandescent  1,-uiips  is  of 
great  importance,ihis  dependence  ofthe  voltage  given  by  a  series  machine 
on  ihc  current  being  i.ikcn  ftom  it  is  an  objection. 

Another  arrangement  tiscd  is  not  to  send  the  whole  of  the  current 
which  traverses  the  annuiurc  through  the  field  magnets  but  to  let  the 
field  magnets  form  a  shunt  on  the  eiicmal  circuit.  This  arrangcmeiii  is 
called  a  shunt-wound  machine,  and  in  it  part  of  llie  current  supplied  by 
the  armature  goes  through  the  field  magnets,  and  the  rest  llirough  the 
external  circuit.  If  now  the  rcsisiance  of  the  external  circuit  is  reduced, 
so  that  the  current  sent  by  the  machine  increases,  the  proportion  of  the 
current  which  goes  through  the  field  magnet  is  reduced,  for  these  are 
now  shunted  by  a  leu  resistance  than  before.  Hence  in  thit  aimnge- 
nwnt  there  is  no  tendency  for  the  voltage  to  rise  vhen  the  resistance  of 
the  cxicmal  circuit  is  reduced,  so  that  the  machine  i»  called  upon  to 
fumijh  a  greater  current.  On  the  nihcr  band,  if  the  external  resistance 
is  very  much  reduced,  the  propottion  of  ihc  current  which  traverses  the 
field  nugnets  is  bo  small  that  the  voltage  will  £aU,  For  this  rcsLM>n  a 
ooodMnaiioti  of  the  two  kinds  of  winding  is  sometimes  used,  in  which 
some  of  the  magnetising  current  of  the  field  magnets  Is  supplied  by  a 
few  turns  of  wire  in  which  the  nbole  current  paiscs,  these  coils  being  in 
series  with  the  armature,  and  the  rest  of  the  magnetising  field  b  supplied 
by  a  numl>er  of  tums  of  wire  which  are  arranged  in  parallel  with  the 
etiemal  circuit.  A  machine  wound  on  this  principle  is  called  a  compound 
machine. 

630.  BlttA  E.H.F.  in  Moiors.— Suppofe  that  the  resistance  of  the 
■imaiurc  uiid  ixUX  iiiagiicis  of  a  inoior  is  />',  and  that  It  is  connected  to 
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K  tource  of  etectromoiiive  forct,  sajr  a  batter)-,  which  will  prodocc  i 
constant  diAcwnce  of  pateniial  of  V  volts  at  the  tcnniiuU  of  il« 
nudtine.  Then  if  the  armaiurc  i»  at  rest,  a  cuircm  f.  given  by  ibe 
eqiMiion  C—  VIR,  will  pas«  thn>u);h  ilic  annaiurc.  If  now  the  amuiuin 
is  set  fm,  so  that  it  i«  allowcid  to  revolve,  ibcn,  since  if  the  Bmutun 
were  driiren  round  in  the  Mtnie  direction  u  that  in  n-hich  it  tumi  on 
B.M.K.  would  be  d«velope<)  at  its  tcnninaU  In  the  opposite  direciuo 
to  that  which  it  used  (o  diii-e  it,  it  foliowK  that  tlic  armature  by  ill 
motion  will  cr»tc  an  indurcd  R.M.F.  which  will  oppofrc-  the  E.M.F.  V 
which  is  sundin^  a  current  through  the  motor.  This  counter  E-M-K^ 
a*  it  i*  called,  will  increase  as  the  speed  of  tlie  motor  iftrreatm,  Mnre 
the  induced  E.M.F.  depends  on  the  apwd  with  nhidi  the  conducton 
on  the  armature  cut  through  the  tubes  of  induction  of  the  fietd.  Ltt 
t»  be  the  counter  K.M.F.  developed  at  any  gi»-cn  speed,  then  the  efiectiir 
E.^t.F.  sending;  a  current  through  the  machine  it  V—v,  and  hence  the 
current  which  traverses  the  armature  is  given  by 


i:-(V-v)lR. 


J 


If  the  machine  is  supposed  to  turn  without  friction  and  to  do  no  exti 
work,  the  speed  will  go  on  increasing  till  thecouniei  E.M.F.  is  equal  to  V, 
Under  these  conditions  there  n-ill  now  be  no  force  acting  on  the  ami*- 
ture  tendlni;  to  make  it  mtate,  and  hence,  since  wc  have  poMulnied 
the  absenrc  of  friction,  the  machine  will  continue  to  turn  at  a  canstani 
speed.  If  now  the  machine  is  caused  to  do  eternal  work,  say  to  wind 
up  a  weight,  then  the  speed  will  decrease,  «nd  the  back  E.M.F.  wiH. 
decrease,  so  that  a  current  will  pass  tliiough  the  machine  1 

Suppose  tliat  the  power  dwcloped  by  the  machine,  that  is,  the  rate 
at  which  it  does  work,  is  /',  and  that  eiihcr  the  friction  in  the  different 
pans  of  the  machine  is  so  small  as  to  he  ncglignble,  or,  wtint  comes 
to  the  same  thing,  that  ilie  power  P  includes  the  work  done  .i^-ainit 
friction.  If  then  the  liack  E.M.F.  is  v,  the  current  passing  thrDiij;h 
the  machine  will  be  {V-v)\K.  Tlie  energy  concsponding  to  this 
current  will  be  spent  partly  in  healing  the  wire  forming  the  armniure, 
and  partly  in  <loing  the  work  P.  The  part  of  the  energy  spent  in  pro- 
ducing he.it  is,  by  Joule's  law,  C^  or  f('-7-)VA  Since  the  E.M.F. 
between  the  terminals  of  the  machine  is  V,  the  energy  supplied  by  the 
current  C  io  one  second  when  flowing  through  this  drop  of  pnteniial 
is  CV.     Hence  the  energy  available  for  doing  external  work  is 

R       ~      R      * 


or  P-xiV-viJU. 

From  this  expression  it  will  he  seen  thai  P  is  itra,  that  is,  the 
mnchlne  does  no  external  work,  Ijolh  when  V^v  and  when  t"=Oi    The 
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firai  case  i*  that  whicli  «-e  have  alicadjr  considered,  when  the  molor 
ni'olves  at  ^uch  a  ^pccd  that  the  iMck  ILM.F.  is  ctiual  in  llic  applied 
£,M.K  The  other  case,  when  v=o,  Ii  when  the  Bimamrc  is  at  re»t, 
3md  when  the  current  is  V/K,  and  hence  the  licai  dcveloijed  acrording 
to  Joule's  law  is  C*R  or  TC,  that  is,  is  equal  to  ihe  ener^jy  supplied  by 
the  cxicinal  source,  so  thai  there  is  nunc  available  for  doing  external 
woih.  If  the  speed  of  llie  moior  is  by  some  cxicriinl  means  iiittcascd, 
so  thxi  V  b  Kreaier  than  the  applied  E.M.F.,  the  motor  will  operate 
as  a  generator  and  will  icnd  a  irurrcnt  in  ilic  irvcric  direction  luuod 
the  circuit,  and  in  ihii  way  will  stipply  encrj.'y  lo  the  circ tiiL 

The  power  developed  by  the  motor  will  be  a  ninximnm  when  K—ar. 
Then  the  po^-er  given  by  the  motor  i»  V'i^/i,  and  llic  enerxy  luppbed 
wiil  be  Vi^li;  mi  that  the  power  developed  will  be  a  maximum,  when 
the  sfK^  is  such  thai  the  hack  K.M.F.  is  half  ihc  applied  K~M.K., 
and  half  the  energy  supplied  will  he  convened  into  uicful  work  and 
half  waited  in  hcaL  It  must,  howoei.  he  noted  that  although  this 
is  the  speed  for  which,  having  given  ihe  external  E.M.F.,  moit  work 
can  bo  done  by  the  motor,  it  Is  by  no  means  the  most  economical 
speed  at  which  to  nin  the  motor.  The  energy  supplied  is  r[('-i')j'J?, 
while  the  energy  cxinverted  into  work  is  »<r-i')/^.  Hence  the  ratio 
vi  the  energy  converted  into  utefiil  work  to  the  energy  supplied  is 
ti^V-v)! V{1'~  v)  or  v;  i\  Thus  the  pro^Mirtion  of  ihc  encrg>'  lupplied 
ttbich  is  converted  into  useful  work  increases  as  f  is  made  more  nearly 
e4]ml  to  r.  As  we  have  seen,  however,  ai  the  speed  is  increased,  so 
tint  V  niay  become  mote  nearly  equal  to  I',  alihouyb  tlie  proportion 
r4  the  energy  supplied  which  is  converted  into  u.ieful  work  is  large,  yet, 
since  the  amount  of  energy  whirh  the  motor  Is  then  capable  of  talcing 
from  the  external  circuit  is  very  small,  the  power  developed  must 
also  be  KmalL  In  practice  it  is  nstial  to  run  motors  at  sjieeds  so 
miKh  above  that  for  which  V=2i;  that  Ite.irly  90  per  rent,  of  the  energy 
•applied  is  convcrlpd  into  u^c-fii!  work, 

SSI.  Allematlnff  Cui*rents  — Traii$formers.-~The  cmploj-ment 
of  electricity  for  the  tntrsmiMion  of  the  energy  de%-cIoped,  say,  ai  a 
vaterbU,  to  tlie  neighbouring  towns,  over  distance*  of  many  miles,  makes 
the  qtiestia«t  of  the  cost  of  the  conductors  employed  la  convey  Ihe 
current  from  the  gencniiing  point  to  ihc  place  where  it  U  used  of  con- 
siderable importanoc.  Suppose  that  it  is  required  to  transmit  power 
from  .;  to  It,  so  that  the  i-nerg)'  available  al  //  is  tf  watts.  If  A!  is  the 
resistance  of  the  conductor  extending  from  .-f  to  B  and  back,  by  means 
of  which  the  current  is  conveyed,  and  C  ii  the  current  transmitlc^l,  while 
V  is  the  E,M,F.  Iietween  the  wires  at  the  generating  end.  Tbco  by 
Ohm's  law  the  (M  of  potcnnal  along  the  wires  will  be  e«iual  to  RC, 
and  hence  the  K.M.F.avail.ible  at  ^  will  be  V-KC.  Thus  the  etntgy 
a>-ai1able  at  B  will  be  C{y-  RC).  and  this  is  to  be  niual  to  Jf. 
waits  viited  in  heat  ia  ili«  conductiag  wiics  it 
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He=.-«  tbt  obt«ct  is  to  nake  CH  as  email  as  possible,  while  kee 

C  . '- .'■'■'  cmsanE.  One  way  of  doing'  this  is  to  reduce  the  valu 
.C  t=j.-.  ik  :o  Lsciease  the  diameter  of  the  wire  used  to  convey 
c=rTe=:.  Tua.  bc^erer,  involies  a  great  outlay  on  copper.  Another 
oc"  reti-jirjs^  ibe  loss  of  encigy  in  the  conductiDg'  wires  is  to  reduce 
crirrrc:  ,'.  bt::  imie;  these  circnmstaiKcs,  if  If  is  to  remain  const 
f  ~=i=f:  be  =i.iiie  Ur^  ;  Unl  is.  a  great  potential  diflereocv  between 
wires  rr.-.:^  be  catp»>Ted.  Since,  however,  an  accideDta]  contact  i 
d^e  wires  Aicveyiaf  coitenis  at  high  poientials  is  &tal  to  life,  s 
■.--rrecri  ire  =oc  sui-.xble  for  use  in  hooses  for  lighting  purposes,  or 
d::i-:~j  =-u.~b:=ery  in  workshops.  There  is  a  further  difSculty,  thai 
pcvcu.'e  di:ei::ly  scch  hi^h  potential  currents  involves  very  cotnpl 
:~^.i::o=  Seiween  the  separate  turns  of  the  annature  of  the  dyna 
crr.pCoyed.  I:  U  th'^  '  videot  that  if  by  any  means  the  low-tens 
kVTTv:^:  pp.xiu>.-ed  by  :he  generator  were  converted  into  a  high-tens 
c-jrrTr.i,  and  this  current  weie  tnnsmitted  to  the  distant  station  wh 
it  WAS  a^::i  i-mtrercd  in:o  a  low-tension  current,  the  advantage  of  i 
sna".  !o«s  c4  ener^-  during  the  transmission  with  the  absence  of  i 
>Lir.,.:cr  j::Ache\i  '.o  the  use  of  high-tensioa  currents  would  be  attain 
Ir.  the  i-jse  of  continuous  currents,  this  tnnsfoniution  from  low 
high  tension  and  fhf  vtna  h  not  possiUe,  except 
virtue;  A-  n^{;  a  itMtor  driven  by  the  one  current 
Jriv-c  a  dynamo  to  pioduce  the  other,  but  with  alt 
nating  cunenis  the  case  is  quite  difleient 

Suppose  that  an  iron  ring  (Fig.  512)  is  lapp 
over  K'.ih  a  Ia<.er  of  insulated  wire,  there  being 
turns,  the  cross-section  of  the  Iron  being  /  and  I 
avial  length  of  the  ring  /,  Then  if  a  current  C 
sent  ihn>u£h  this  ceil,  we  shall  have  an  induction 
in  the  iron  equal  to  Jv.ljiC//,  For  suppose  that  1 
inin  were  removed,  then  by  §  475  the  work  which  wol 
he  done  in  carrying  a  unit  pole  once  round  the  inside  of  the  annul 
sjiace  which  h-,is  occupied  by  the  iron  will  be  4'NC,  for  it  will  ha 
been  carrii-J  once  round  .\'  conductors,  in  each  of  which  a  current 
is  rtowinc.  If  //  is  the  strength  of  the  field  within  the  coil  produc 
by  the  current,  then  the  work  done  in  carT>-ing  a  unit  pole  once  roui 
will  be  ///,  Hence,  equating  these  two  \-atucs,  we  get  the  value  of  t 
matnetisin^;  field  when  no  iron  is  placed  uithin  the  coil  as 

//=4ir,\ry. 
Cut  if  fi  is  the  pcmicability  of  the  iron  for  the  magnefisinK  field  //,  th 
the  induction  S  is  given  by  A'^/i//',  or,  substituting  for  //  the  val 
just  obtained,  Aira\C 

The  total  number  of  tubes  of  induction  which  p,-»ss  through  the  croj 
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Kction  of  ibe  iron  t>  tB,  to  that  ibe  number  or  tubes  o(  induciion  which 
paH  round  the  ring  of  Iron  a  given  by 


^ 


.11^*'!!^, 


I  lie 

Kidi 
en 


r  in  .tildiiMii  A  wcon<l  coil  combining  »  uiim  of  wire  if  InppMl  rotind 
ihc  ring,  thtii  (racb  turn  of  this  coil  will  be  tia%'cis«l  by  x/l  tubes  of 
iaducliutt,  or  ihu  wliote  coil  nill  b«  tcikvcrsM  i>y  ni/l  fuht*.  If  now, 
inHlcad  of  t)i«  curirnl  being  contunt  it  'n  an  altcmaiing  curr<-ni,  and 
if  C  ii  ilic  tii.-u:inim»  value  of  (he  current,  iho  induction  through  the 
ic^ondao'  coil  will  var>-  from  -mifflo  -niB,tuid  nn  induced  EM.F. 
will  be  pioduc«(L  If  /."  it  the  rcRsiance  of  the  piimaty  coil,  tlicn  by 
niakinj;  /i  small,  llwt  ii,  Juvioy  a  few  turns  of  thick  wire,  the  applied 
E.M.F.  requjrod  to  »end  tlic  airrcni  C  through  the  primary  coil  may  be 
made  small  On  the  Olber  hand,  since  the  induciion  fB  takes  place 
through  encli  of  the  turni  of  the  secondary,  and  that  the  induced  E.M.F. 
in  ibe  whole  coi)  is  (he  sum  of  (he  induced  KM.F.'s  in  the  separate  turns, 
by  milking  th-  Dumber  of  (urns  ".  in  the  s*cnndnry  farge  the  induced 
H.M.F.  may  be  made  laige.  Hence  by  sending  an  alicmaiing  current 
ibniu)[h  one  of  the  colli  an  alternating  induced  cuircni  will  be  pro<:tuced 
in  lh«  other  coil,  and  bj- suitably  varying  the  raiK>  of  iIk  number  of  turns 
in  ihe  two  coils  il»c  induced  E.M.K,  may  be  made  to  bear  any  required 
relation  (o  the  E.M.F.  used  to  send  the  current  in  the  primarj-  circuit. 
The  exact  relation  betireen  live  priri»ar>'  and  the  secondary  E.  M.F.'s  is 
complicated  l>y  the  cfTeirts  of  self  and  mutual  iiuliiction  as  well  as  by  (be 
hysteresis  of  the  iron.  Tile  above  will,  houTvcr,  c%plain  the  general 
prlnciplrt  on  nhidi  transformers,  as  such  arrjngcfiKuis  are  catlcd,  work. 
It  will  he  noticed  thai  an  induction  coil  fs  timply  a  transfornicr  in  which 
the  secondary  ha*  a  relatively  grtai  number  of  lutns,  so  that  tbc  E.M.F. 
ucetl  in  it  it  very  great. 
In  the  efnpioyntent  of  transformers  for  the  transmission  of  power  ibc 

encrating  dynamo  gives  a  ndaiivcly  low  voltage,  and  by  means  of  a 
transformer  (he  current  produced  is  ltBnsforme<l  into  a  hlgh-prcssuie 
cvrrCRt,  whkh  is  iranainittcd  10  the  jtlace  wlicre  the  electrical  energy  is 
to  be  used.  Here,  by  means  of  a  second  iransformer,  t1>e  current  is 
again  converted  into  a  low-preswirc  current. 

532*.  The  Kaxnetic  Circuit— In  the  last  section  we  showed  thai  if 
have  a  soft  iron  annuEui  of  cra^vse<^tion  f,  whidi  is  lapped  murMl 

iniformly  wiih  ;V  turns  of  irite,  the  ttogib  of  tlie  iron  ci>te  measured 

loDig  tlw  axis  being  /,  the  total  iiuluction  through  tlie  iron  is  given  bjr 

here  C  is  (he  current  flowing  in  tlie  wire.    If  we  call  the  total  Induction 
itrough  any  cross-section  of  the  iron  (7,  we  may  wriie^ 
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Now  if  the  iroo  ««re  iTnx>>^,  (h«  w'Ofk  which  «TouId  hav«  to  be  dnt 
to  cariy  the  anit  pole  once  round  tli«  annular  spare  wtiicti  iras  (Kei|iirf 
by  the  iron  would  lie  4vA'C,  for  we  »l>ou)i)  hare  carn'etl  ihe  timt  pel) 
oBce  nnuid  N  circoiti,  in  c.ich  of  uhidi  a  cuxreni  C  was  flowing.  Una, 
if  wo  caU  tbit  quantity  of  work  .1/,  wc  liavc 

Thus  il>e  total  induciioD  ttiroutih  IIk  iron  ii  obi;(inc[I  I>v'  tnuliipl]rinif  H 
by  a  factor, «.  which  depends  on  the  luiure  of  itic  lu.tlvii^il  (iixmt  tamait 
iIm  annutua,  and  tiy  »  &cior,  j.V,  which  depends  on  ihe  ^ometric^ 
dimensions  of  the  portion  of  the  subttAncc  considered-  Nov  if  an 
E.M.F.,  E,  acts  between  the  ciidi  of  a  uniform  conducior,  of  whidi  tbe 
cRiM-aectiiHi  is  «  and  ihe  len^h  /,  and  of  which  the  Gpecific  condnctiviQ. 
H  k,  the  current  C  Aoning  in  ibc  conductor  it  given  by 

The  E.M.r.,  ^'.acting  between  tli«  ends  of  Uw  conductor  is  measured 
by  ihc  work  which  is  done  on  unit  quaniiiy  of  electricity  ax  ii  Aows  from 
one  cod  of  the  conductor  to  ihe  oilier,  so  (hat  the  current  is  cquiil  lo  ihe 
product  of  this  quantity  of  worh  into  ii  liactor,  k,  which  depends  on  th« 
naiiire  o(  the  conductor,  and  into  a  factor,  sjl,  tlcpendinj:  on  the  gto- 
melricAl  dimensions  of  the  conductor.  Hinted  in  ihii  nay  iheie  will  be 
seen  to  bo  a  cenain  parallelism  bcin'ecn  tbe  magnetic  equation  ami  iha  m 
etectricat  equation,  and  this  p:ir.il1elisin  has  led  to  the  adoption  in  ibe^ 
magnetic  case  of  a  (ertninology  su^tjested  by  the  electrical  probtem. 
Thu»  the  quantity  Af,  which  pl;i>'3  the  same  pari  in  the  maitnctic 
equation  n>  does  tbe  K.M.F.  in  ihc  elecincal  problem.  i«  called  the 
m^iut0-m<'(ive  /otxe,AnA  ji  has  been  called  the  specific  magnetic  con- 
ductivity. In  the  same  way,  since  ibc  lacior /l'Jl^  represents  the  rrsistaiKc 
of  the  condiirtor,  the  fnaor  //ai  has  been  called  the  magnetic  resisunce 
or  n-luctance-  Using  this  icmiinoloEy,  we  have  that  the  total  niagnelic 
induction  through  a  magnetic  circuit'  is  equal  to  the  magnctO'moiive 
force  divided  by  the  reluctance. 

Although  tilts  manner  of  viewing  inatjnetic  problems  is  of  considerable 
uae,  particularly  when  deuting  with  practical  problems,  such  as  thcdesitin 
of  dynamoi  and  transfonners,  and  has  prcn*ed  suggeiiive  in  indicaling 
new  paths  for  expcrimemal  research,  ii  must  be  remembered  thai  (he 
whole  analogy  is  a  mathematical  one,  built  up  on  the  similarity  of  the 
two  equations  considered  abo»-c,  ihctc  being  no  physical  analogy  bet  ween 
the  two  cases-    Thus  there  ii  no  known  magnetic  phenomenon  which  is 

'  We  hnvc  ii,|[«ady  tcRti  lh»t  etcry  tat«  of  tnJiKUon  is  bji  endlos  lolie ;  lUiu  iIk 
pciniiiii  i)f  ii|xica  tbreugh  which  any  lubr.  or  Rt  of  lalxn.  p&nei  in  llwir  whol"  Imnlh 
(ormi  a,  clowd  circuit.  khiI  it  it  IhneFmv  kniivn  *i  a  ni*f  netic  circuit.  A  uMfOttle 
ciKuit  may  be  formcil  h)  One  d  more  dlffcrnit  Innlis,  nnd  niny  lie  liiiEle  or  Irandwd, 
Jiisl  ta  nn  etvclrit^l  oirciiii  miy  Ix  fiirinaxl  Ly  dilTererit  uibtlances,  And  may  bava 
briuichci  forming  loopi. 
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physicaUf  analogouK  to  the  conduclion  curreiii,  while  phy»icnlly  the 
analciKCe  of  pcmwabilily  is  not  »pc(ific  conduciiviiy  but  specific  inductive 
capncity.  Aifjiio,  wliile  ihc  rcsiKlancc  of  ft  conductor  is  iitdcpendrnt  of 
the  strength  of  ilic  current,  the  reluctance  depends  on  ilic  ina£n<-ii<: 
induction,  for,  as  we  have  »ccii  in  %  J04,  the  permeability  of  iron  vaiics 
onormoutly  with  the  induction. 

In  the  Cikse  of  th«  annuhis  conhidcrcd  above,  the  tubes  of  induction 
arc  coiifiiwU  lu  the  iioii,  and  the  magnetic  circuit  therefore  ton»i»l»  of 
one  medium  only.  We  may,  however,  apply  the  idea  of  the  RUtKnetic 
cticuii  to  cases  where  the  lubes  of  induction  pass  through  media  of 
different  permeability. 

tn  the  fint  plaire,  let  u)  take  the  case  of  the  iron  rins  already  con* 
sidercd,  but  suppose  that  the  maKncllsing  roil,  instead  of  bcinK  wound 
uniformly  all  round  the  ring,  ix  i:uniined  1«  a  small  portion  of  the  cir- 
cumferenoe.  Under  these  rircum stances,  Mime  of  the  lubes  of  induction 
wilt  leave  the  iron  in  ihc  pari  of  the  rinj;  whirh  is  not  covered  by  the 
magnetising  coil,  and  will  imvel  thiough  the  air.  Since,  hn»'evcr,  ihc 
permeability  of  soft  iron  it  several  hundred  iiinc4  ({rraier  than  that  of 
the  air,  at  any  rate  when  the  magnetising  field  is  not  very  great,  such  a 
large  proportion  of  the  tubes  of  induction  will  continue  all  the  w.ty  through 
the  iron  ring,  ihat  uc  may,  wiihoiit  making  any  appreciable  error,  negkci 
ihc  ones  thai  do  not.  If  the  iron  m-ere  rcniovcd,  and  a  unit  pole  were 
carried  once  round  the  kpacc  previuu^ily  occupied  by  the  iron  ring,  it 
would  past  once  round  each  of  the  turns  of  the  inni,-nctis!ng  coil.  Hence 
if  there  are  A'  turn*  in  this  coil,  and  the  current  is  C,  the  work  done 
is  \itSC.  and  therefore  the  magneto-motive  force  is  ^tNC.  AIm>  the 
reluctance  of  the  iron  ring  is  //'m.  I'bus  the  total  induction  through  the 
ifoo  b  given  by 

.,     MugnefthmoHvt  /one         ,,_    „ 

This  result  is  slightly  greater  than  that  In  the  iron  which  is  furthest 
from  the  magnetising  coil,  on  account  of  the  tubes  of  induction  oliich 
Ihttad  through  tlie  coil,  but  instead  of  passing  ihrouj-h  the  iron,  pass 
thtougti  the  surrounding  air.  Still  the  result  ubuincd  ii  a  very  near 
approximalion  to  Oie  trath.  'Hie  adi^nlage  of  the  nu[- net ic -circuit  point 
oj  view  is  apparent  if  we  consider  how  very  difficult  it  would  be  to  cal- 
culate the  value  oi  the  magnetising  foite  at  c.ich  point  of  the  iron  ring, 
in  order  to  deduce  the  induction.  The  analogue  of  thii  problem  in 
ctectticity  would  lie  the  ca.ie  of  a  ring  of  copper  imtiiened  in  a  feebly 
CMidncting  medium,  such  as  water,  for  in  luch  a  case  most  of  the  cnrrenl 
would  irai-crte  the  copper,  but  some  would  traverse  the  water,  and  to  the 
ruisiance  of  the  circuit  axiuld  be  somewhat  ku  ibnn  the  resistance  of 
ibe  copper  alone,  although  a  very  nenr  approximation  to  the  current 
(would  Ik  obtainfd  if  we  n^Iecicd  the  portion  of  the  current  which  ftowa 
Uirotlfh  the  water. 
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As  snoilKr  Mamplc  of  ihe  tiitlity  of  the  u1«a  of  the  maj^ctic  ciicat, 
we  may  tnke  iltc  rase  of  the  iron  ling  whkb  is  lup]i«d  over  vrti  • 
unitbfrnly  n^und  nM|;ncttsing  coil,  but  which  at  Oiw  pt.tcc  hut  bmu  cut 
*o  tluit  the  cuatiiiiiiiy  of  tli«  lioii  is  broltcn  liy  a  narrow  nir-^-ap.  A* 
before,  the  inaiiiielO'niotive  imctt  »ill  be  4*\C,  Tlw  tnaiinciic  circuit  a 
no  lunger  confined  to  a  single  inediiint,  but  at  tlie  sap  passes  from  iron 
lo  air.  ]Ii:nce  in  cakulnttng  the  rrluclance,  we  have  to  consider  the  Imi 
portkns  of  the  circuit,  in  one  of  which  Ihc  permealnlity  h  /i,  and  in  the 
other  porliim  it  ix  unity.  If  jr  is  the  width  of  the  gap,  the  length  of  the 
iron  circuit  is  /~a:  Hence  ibe  reluctance  of  the  iron  part  of  the  ciroBl 
i«(/-j-)/*jif.  If  ihc  niT-i^Apitat.-i'lii-ide,  the  tubes  of  inditciionwiilvpread 
out  at  iheKBp,  nnd  hcncfMhc  croH-scriion  of  thn  maKncitc  circuit  in  the 
K»p  *ri!l  l)e  greater  than  *.  If,  however,  the  gap  i»  v*ry  namw,  tbc 
sprKiiiing  of  the  lubes  will  be  innppicrinhlc,  And  w«  may  take  the  cnn- 
Srcriion  of  iIiccirciiilBt  the  gap  as  r<|tial  tof.  The  lengih  of  the  air  pan 
of  the  circuit  l>eing  jr,  the  reluctance  is  xff.  Henc«  (be  reluctance  of  ib* 
combined  iron  and  air  circuit  is 

Tlius  the  total  induction  through  the  circuit  is  given  hy 
G-4'.VC<{(f-  *J,-'w+ r» 

If  the  length  of  the  ring  had  been  /■l-:r(fi-  i),  and  supposing  no  gqi 
were  preKni,  the  induction  wuuld  hnt-c  been 

Hence  the  efleci  of  a  gap  of  length  j-  in  reducing  the  indtiction  is  the 
same  as  would  be  produced  hya  knt;ih  .nV-  ■}  of  iton.  If  the  mag- 
netising field  (4';\'C)  is  5  (^.s.  viniis,  the  permtabiliiy  for  the  soft  iron, 
for  which  the  curve  in  Fig.  481  is  drawn,  is  1400.  Hence  if  the  lengih  of 
the  ring  it  30  cm,  and  lis  cross-section  4  sq.  cnu,  (he  induction  with  a 
gap  a  millimeii«  wide  is 


5x3400x4         48000 

30+0,1(1400-1)     169.9' 


ir7.Suiiil  tubes. 


If  no  gup  were  present  the  induction  would  be 

5J«»400X4.,6«,„„„,,l^ 

It  will  thus  be  seen  hiiw  enomiously  (he  prewnce  of  the  Bir>gKj 
reduce*  the  total  induction. 
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533.  The  EleetliG  Telegraph. — Kince  the  dircclion  in  whirh  a 
galvitnoiiicicr  needle  i*  dcflccicil  dcpenrfs  on  ihe  dirrction  of  ihe  current 
wbicli  is  sent  through  il,  by  hannir  nn  BTrangemeni  at  one  scniion  \>y 
whicti  the  current  sent  by  an  electric  hallery  c»n  be  revct«ed  in  djreciion, 
anil  L-oiincctini;  the  commiiiBtni'  wiih  a  galvanometer  placed  at  ihc  other 
staiion  by  an  insulated  conduclin^  wire,  sit;iial$  can  be  Iran&niiiicd  from 
Uie  battery  station  to  the  other.  Only  one  conHuaing  witc  is  in  general 
used,  ilie  earth  bein);  tised  for  completing  the  ciiciiit.  By  having  a 
bailery  and  a  t'alv^nonieier  at  each  station,  which  by  means  of  keys  can 
be  connected  to  the  circuit  iind  ihc  current  rci'ersed,  messages  can  be 
sent  in  both  direction*.  The  older  forms  of  elenric  telegraph  wcrr  on 
thit  principle,  the  receiving  instrument*  bring,  in  fact,  sotncuhat  unsen- 
•hive  galvanomcicn  in  which  the  deflrriion  of  the  needle  to  right  and 
left  was  olwerv«L  At  Itie  present  time  neatly  all  telegraphy  is  done  by 
means  of  ihe  Morse  sounder.  This  instrument  consists  of  a  small  electro- 
magnet,  tliiough  ilie  tMils  of  which  the  current  sent  from  the  Mnding 
station  is  pasiied.  This  corrcot  causes  tlie  electro  magnet  ia  allrnct  a 
light  soft  iron  armature^  wbtcb  is  held  away  from  the  pole  of  the  electro- 
magnet by  mean*  of  a  spring.  The  armature,  when  it  strikes  the  pole, 
mjkex  a  distinct  click,  and  from  the  number  of  clicks  and  the  inler>*a! 
beiirecn  them,  the  operator  reads  the  signal  The  current  a  sent  by 
means  of  a  key,  on  the  depression  i>f  which  the  circuit  of  the  battery  is 
compleled.  Tn  the  following  table  the  code  ordinarily  emplo^'rd,  and 
called  the  Mone  rode,  is  given.  A  long  stroke  means  that  the  interval 
botw'ecn  that  dick  and  the  nevi  has  to  be  longer  than  that  between  a 
ebon  stroke  and  tlie  next 


The  Morse  Alphabet. 


» 


t 


A 

B 

C 

D 

E  - 

J 

K 

L 

M 

N   —      - 

r 

G 

O    -                   

p 

B 

I  — 

Q 

R 

lATirn  the  di^iancc  between  the  sending  and  the  receiving  nations  is 
isiderable,  on  accmmt  of  the  resistance  of  lUc  connecting  w'ire,  ihe 
Rirreiit  vhich  can  be  sent  is  not  sufficknily  strong  to  attract  the  antu- 
ture  of  the  receiving  in*tnm>ent  and  make  it  give  an  audiMe  «ound> 
In  tbeac  eircumstancei  what  is  called  a  relay  is  employed.  Thit  < 
toit  of  aa  elect  romiignct,  round  the  <:oili  of  which  tbc  curtcni 
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is  sent  from  the  dUtnnt  suuion  it  senL  Whnn  tlie  cumni  [ustn 
ihrauKh  tliis  elect ro-mHcnet  U  xincit  a  very  U];hi  and  dcliaudx  pwit^ 
armature.  T)iU  anitnturc  wckIu  between  iwo  stops,  iind  wbeo  il  h 
attracted  liy  ih«  nuit;aci  agHiRiii  ihc  one  ttop,  it  cutnpletes  the  cirruH  d 
a  local  b.-iiiery  whkli  lus  the  Mundcr  in  itt  dtcuii.  Hence  the  Muaila 
in  ui>rkc(l  \ff  a  Iwllcry  at  t1>e  »tatk>n  iit  whkh  iIm  signal  i»  irccivtxl,  aod 
the  currtnt  iransmiited  from  the  diuant  MUion  is  only  u»c<t  lo  caiuplaB 
the  circuit  of  the  local  battery. 

In  the  case  of  submariiK  telegntphy,  where  the  disinnces  betven 
llw  stations  are  often  very  great,  the  receiving  iutinmient  is  pi^Etkalty 
a  \-eiy  Mrnsitivq  mirror  |r«h'anomcter,  and  ihe  incHaKc  si^'nols  arc  (bnned 
by  dcflcttions  of  the  ^m(  of  liglil  rcilcctcrf  from  the  mirror  lo  lijhi  vA 
leK,  a  dcnmion  to  the  riijlii  torretipvadint;  lo  a  da^h  in  the  Mane 
jtlpbabri,  and  a  deflection  to  the  led  to  n  dou 

In  duplex  telegmphy  tvxi  moMses  are  »enl  simullaneoaily  iktwigh 
the  tame  wire,  one  in  each  ilirection.  Thit  il  acconiplitbcd  by  wimiinf 
tfacreceivinKimtruinentG(FiK.  513)  with  twocoili, 
which  aiv  10  arraniced  that  when  the  battery  *  is 
connected  to  the  circuit  by  preuinx  the  key  x  v> 
a>  10  rest  on  tbc  stud  d,  the  current  which  poMc* 
froni  the  bAticr>-  divides  at  the  instrunicat,  pan 
goin^'  through  one  ooil  and  pan  throuf[ti  tl« 
other,  and  in  such  a  direction  that  the  el&cis  of 
the  rurrents  in  the  two  coils  on  the  needle  of  tk 
instruuicnt  are  in  opposite  directions.  Oite  coil 
of  tbc  instrument  is  cnitnecied  to  the  line  whidi 
goes  (o  the  other  station,  while  the  Kcond  coil  is 
connected  through  »  inriahle  resistance  K  wvih 
Ihc  other  pole  of  the  haitcry  and  the  pJate  ii 
which  is  Iniried  in  the  earth.  If  then  lite  r«i«- 
Rnce  of  the  one  coil,  the  line,  the  receiving  instru- 
ment at  the  ni her  station,  and  of  the  rctom  circuit 
throii);h  Ihc  cjirih,  is  the  Kamc  as  ihni  of  the 
second  coil  of  Ilic  instnimcni  nt  the  frcndinR 
station,  together  with  the  rewsiance  R,  the  current  which  passes  from  « 
will  divide  into  l*o  equal  piirl*  ;  and  Since  these  parts  travcrte  the  coils 
of  r.  in  opposite  dircciions,  they  will  exactly  neutralise  each  other's  eflect 
on  the  inaitimicni  i;,  so  that  the  working  of  tbc  key  K  will  not  afTeci  tlie 
instrument  o.  The  cutrent  sent  through  the  line  will,  however,  only 
traverse  one  of  the  coils  of  the  insinmicnt  at  the  other  station,  an<i  henoe 
it  will  aRcct  this  instrument. 

There  arc  other  systems  of  duplex  telesrsphy,  as  ircll  at  methods 
by  mans  of  which  more  tlun  two  siniultaneous  meswi|;e«  may  be 
sent  throusU  the  same  line,  but  ipai:c  nili  nut  allow  of  ifae«c  being 
considered- 
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634.  The  Telephone.— The  lelephoiip  «!\8  invented  !>>■  Cialuiin 
Bell,  nnd  a  semion  <A  u  IkrU  tekphooe  rttciver  i*  slionn  in  Kig.  514. 
It  contiMs  of  a  sicel  tnc-inA|[neI,  M,  filled  iniiilc  n  one.  U  A  coil,  B,  of 
a  targv  number  <A  turns  or  fine  wire  tits  over  »ne  pule  of  ihe  magnet,  ibe 
ends  of  the  coil  hcinj;  ronitmcd  uith  llic  lenninnJi  C.  At  a  distance 
of  about  a  millimetre  ixova  the  pole  of  tlm  m;i){nct  on  whirh  the  coil  it 
wound  vi  nxcd  a  diaphragm,  i>,  composed  of  a  tliect  of  thin  soft  iron. 
Tliis  diiiphrjgin  i»  lield  in  posiOon  by  being  clamped  between  the 
mouthpiece  e.  jind  the  case  1.. 

Thp  diaphraBm  becomes  ni.iRneiiscd  liy  iiuliiction,  and  this  iniluctd 
Tnnt.'nrtiialion  rcairtt  on  the  pcnnancni  tnai^-neliuli»ti  of  the  magnet  M, 
llic  amount  of  the  rcarnnn  hcin};  dependent  on  ihc  diilancc  of  the  centre 
of  llic  diaphragm  from  the  surface  of  the  pcilc.  When  the  insirtimcnt 
is  ipokcn  into,  the  tibrations  of  the  air  cauie  the  diaphrngm  10  vibmie 
in  unison,  and  by  lis  to-and-tro  motion  the  diaphiaijm   cauRc*  ihc 


Fio.  514. 

magnetisntiun  of  ili«  magnet  to  vary  al*o  in  uniwo  with  the  incident 
air-vibraiioRv  1'be  chants*  of  the  sir«o|[lh  of  the  matinei  mean  that 
the  numt)cr  of  tubes  of  induction  p.-u3inir  through  the  c<hI  B  must  also 
rary,  nnd  hcnce  a  series  ni  induced  currents  arc  produced  in  a  circuit 
of  which  thiii  rnit  forms  a  ^n.  If  the  terminals  C  arc  cnnnccted  by 
wirci  to  a  Mcond  insirumenl,  the  induced  ciirrcnis  which  arc  pToducpd 
by  the  motion  of  the  diaphrai^n  t>  uill  Irat-crte  the  coil  of  l)ie  M»:inid 
ioMtunient,  and  will  produce  a  change  in  (he  mag nclisu lion  of  the 
inai[n*t  tn  this  iiiMrumcnt.  Tlieie  changes  in  ihe  stren^ih  of  the 
magnet  In  the  second  instrument  will  cause  changes  iri  the  force  with 
whicli  the  inikgnet  attracts  its  diaphragm,  and  hence  ihU  diapbtajnn  will 
be  set  in  vibration  in  such  a  way  as  to  reproduce  the  vibtmltons  whicji  were 
produced  in  the  diaphragm  of  the  first  instrument;  and  in  this  way  the  air 
in  Ihc  neighbourhood  of  the  diaphragm  will  lie  set  in  libraiion,  and  the 
sounds  pro>hnrd  w.ir  ihc  irariMniltins  instrument  will  be  feproHwci'd. 
I  Tlie  amplitude  of  the  excnniom  u{  Ibe  telephone  daphragm  ai« 
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•xcMHwIy  BinalL  Thtu  Earus  ha*  roeuuied  it  and  found  it  to  be  aba* 
ic*  cm.  when  (he  inMramcni  ii  erailiing  a  sound  which  is  juit  aud^ 
Tl>e  cumois  which  UK  produced  ancaltovcty  snail,  being  al)«Hit  ixk"* 
ain)>crc  in  thccAse  of  the  ordinary  iranuoistion  of  speech. 

6S&  The  Hierophuie. — The  microfihone,  an  ia&tTunieot  \vnaaA 
\yf  Profeswr  Haghn,  l-wu»U  essentially  of  au  arranffcmenl  lijr  «tnd 
one  {Kin  of  a  cimiil,iii  whidi  is  included  a  U'ltpttew 
and  an  el«ctric  baiieiy,  is  cotnplricd  by  tvo  coo- 
ducton  which  rest  lightly  the  one  on  the  Mh«. 
One  fbmi  of  the  microphone  is  shown  in  Fig-  J15. 
A  piece  of  %%*  carbon,  [>,  pointed  at  each  end,  m» 
lightly  in  two  siinll  cup-»lLapr<l  hollon-j  made  ii 
two  inrcei  of  the  lame  kind  of  carbon,  c,  c*.  Tbt 
rod  D  \s  not  cbtnpcd  between  the  other  rodt,  bat 
n^Ms  on  the  lowrer  one,  itnd  is  pieventcd  from  UXa^ 
by  the  upper  end  testing  against  the  ude  of  the  np 
rod.    The  tcnninub  of  lite  citvnit  contatninf  Ac 
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battery  anil  iciLphune  are  attached  to  tlie  roib  C,  C*,  by  the  wii«s  Aand 
B.  When  a  di^iturbaiice  is  produced,  stich  a*  by  the  ticking  of  a  waicfc 
pinceil  on  the  base  of  the  inKiuincnt,  tlie  rod  I>  b  set  in  motion,  M  thai 
the  pressure  with  which  it  rest*  AKainti  the  tijiper  n>d  varies.  Since  d* 
tesiitanre  nf  rarbon  changes  with  th«  pressure  to  which  it  is  sabjecied, 
the  niuvcmenit  of  D  cnusc  variaiians  in  the  reiisLuice  of  the  circaii  in 
whidi  the  inicroplione  is  included,  and  tliesp  <:han(,-et  in  resistance  Ciate 
correspond] ng  changes  in  the  current  which  tmverset  the  circuit,  thwe 
variations  in  the  current  causing  the  iclcphone  to  sound.  Tlie  senaitiTt- 
ncM  of  the  instrument  is  very  (frcnt,  so  thai  et-cn  a  very  minute  diuurb- 
ancc  produced  near  the  buhc  of  the  instrument,  such  as  the  noi^  made 
by  a  fly  walking-  on  the  wood,  is  enough  to  cause  the  telephone  W 
reproduce  the  noise  in  quite  an  .ludible  form. 

Tlie  principle  of  the  microphone  has  been  ap- 
plied to  replace  the  telephone  as  a  rncans  of  pro- 
ducint;  the  changintr  currents  required  to  tnuumil 
speech,  an  ordinary  telephone  being  used  to  reproduce 
the  soundv  The  Blake  form  of  microphone  trant- 
mitter  eoiiiisls  of  a  *liect-iion  dinphragm,  11  (f^. 
Ji6),  held  in  position  behind  a  muuthpierc  l>)-  being 
y  r  clipped  between  wia  rulibcr  bands.     A  small  piece  ol 

/   I  J      platinum  wire,  P,  is  attached  to  a  slender  spring,  and 

/      h  bc.irs  at  one  end  on  the  centte  of  the  diaphraftm,  and 

^  r  ■  -  •  at  the  other  end  against  a  piece  of  gas  carbon,  c,  wfatch 
is  iljelf  carried  by  a  spring,  tt  The  springs  a  and  B 
are  connected  to  a  circuit  in  which  arc  it>cliMled  a 
battery  and  the  telrphnnc;  at  (he  receiving  station.  When  the  moutlipiece 
is  spoken  into  the  diaphragm  is  sci  in  vibration,  and  so  came*  the  platinum 
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P  to  prcM  on  the  orbon  block  wiih  a  rariable  pressure,  and  in  ihit  way 
tbc  rcsiiiluncc,  and  hence  itUo  the  current  wliirh  traverses  ihe  instrurac-ni, 
varies  io  uiii»on  niih  ihc  moiiou  of  ihc  diaphntum.  Tn  ihi*  form  of 
Iransmiiipr  the  encrj^  necessary  to  produce  the  motion  of  the  diaphragm 
at  Ihc  distant  Malion  is  supplied  by  llie  bullery,  and  is  not,  »>  is  the  ca»e 
w)ie(i  a  lelephoQC  U  ojied  »«  ir:Lii!jnitter,  derived  frain  ihc  energy  of 
motion  of  the  receivintr  dinphragm.  Hence  in  the  tarl>on  tran«titttcr 
(be  receiving  diaphragm  only  has  lo  control  tlie  supply  of  energy  of 
ibe  bslicry,  and  mi  play*  the  p.iit  of  the  relay  u.tcd  in  long-dislanre 
teleRiapliy. 

538.  Dimensions  of  Electrical  and  MagneUe  QuaritHios.-hi 
the  preceding  pages  nothing  has  been  said  ss  Io  the  dimeniinns  of  the 
diflercnt  clcctn«al  and  ni^ifneiic  quaniitics  wiih  which  we  have  been 
dealing.  Two  lysieins  of  units  have  been  eniplo>-cd,  the  one,  ihe  electro- 
static system,  in  which  the  fundanienUil  quantity  wai  the  quantity  of 
electriciiy,  juid  ns  defined  by  meant  of  the  repulsion  exerted  bctn-een 
two  charges  when  in  air ;  and  the  other,  the  eleciro-inagiictic  sytiein,  in 
wluch  the  fimdamenul  tiiuntity  was  the  unit  pole.  Taking  first  the  case 
of  the  electro-static  s)-stein  of  units.  If  two  charges  of  Q,^  units  arc 
placed  ai  a  distance  it' apart  in  air,  ihc  fnrce  /^wiib  which  they  act  the 
one  on  the  other  ii,  l>y  the  defmilion  which  ««  have  adopted  for  Q,  given 
by  the  equation  F—Q^,tP.  If,  however,  instead  of  being  placed  in 
air  the  charged  bodies  are  placed  in  a  medium  of  wliith  the  specific 
inductive  capacity  i*  A',  ibc  force  exerted  between  the  chatged  bodies  is 
given  by  F—Q?!KtP,  Now,  just  as  in  tbc  case  of  tctnpetature  con- 
sidered in  %  165  n-c  were  not  able  to  determine  the  dimensions  of  tem- 
perature in  terms  of  the  fundamental  units  of  length,  mass,  and  time,  and 
hence  were  obliged  to  keep  in  our  dimensional  equations  a  synibol  to 
leprcsenl  the  unknown  diniensions  of  temperature,  so  in  the  electrical 
case  we  do  not  know  the  physical  nature  of  specific  inducii>'e  capacity, 
and  cannot  therefore  determine  rts  dimensions  in  terms  of  the  funda- 
mental units,  and  have  to  indicate  in  the  dimensional  formulie  the 
tialcnown  dimcnsimu  of  specific  inductive  capacity  by  a  lymliol.  A'.  The 
reason  Ihc  quantity  A'  dor-s  not  roine  into  the  oidinan'  expression  given 
far  the  definition  of  the  unit  <|Lianlity  of  electriciiy  on  the  electro- static 
tlf»an,  is  that  we  make  the  perfectly  arbitrary  assun>ption  lliat  the 
'  ipwiBc  inductive  capacity  of  air  it  unity.  Of  course,  if  the  specific 
iodiKiive  capacity  were  independent  of  the  units  of  mats,  length,  and 
lime,  and  not  simply  apparently  independent  on  account  of  our  want  of 
knowledge  of  the  true  nature  of  specific  inductive  capacity,  then  ilie 
dioieitsions  of  A'  would  be  lero.  and  would  not  appear  in  the  dimensional 
equaiiont.     Many  writers  on  this  subject  assume,  although  there  is  no 

1  W«  ihaB  UK  ■  uabtcript  (  10  indicate  Ihal  tlw  qiiMiily  i>  mtawml  In  •bctro- 
ttalic  uniK.  Sisn*Ur1y  a  H^wHpl  m  vtfl  be  lued  10  ini]iau  Uui  ihc  ijiwiililjr  1* 
luauBOd  ln«lM«o>Mac''**ie  onlli. 
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panicle  <if  janificniion  for  uirh  an  3rt«uniplioa.  Uiiil  the  dimcnsiim*  ofJC 
are  tcro,  and  ll>rn  prr>rcrfl  lo  develop  ihe  dinwononal  cqusrioiu  foi  ih« 
^flVtcnt  electrical  quantiiies.  I'tie  result  of  uidi  an  a»ninipiiofl  a  ilm 
we  are  ted  to  equiiii'ms  b««-pcn  diflcrent  clecirical  and  nusMik 
quiiDiiiicv  the  two  liilti  of  which  -ippenr  ax  if  ihey  «rere  of  difietcu 
dimcniioni,  a  rciull  which  ix  on  the  brc  of  ii  nlnurd. 

Talcing  the  Rymhol  A'  lo  rrprrscnl  the  unknown  iliiiKoiioni  of  specific 
inductive  capacity,  since  Q.^—iPFK,  we  have  ilic  dimensional  rtjuatii* 
[Cl-.[A^1A-1].     StiioeA-»a(bree,[A-]-[/..W7^.     Hence 

Since  the  potential.  Vi,  at  a  point  ia  equal  to  the  nork  wliich  has  la  be 
done  in  roovinf;  llie  unit  charge  from  a.  jiiiinl  where  the  poleiitiat  is  len 
to  the  given  point,  or  is  the  work  ff^done  in  moving  a  charge  Qt  dividnl 
by  Q,,  wc  have  the  rquatinn 

liencc  the  dimensional  rtguation  is 

or,  substituting  the  dimension*  of  C  and  of  J*'([/,W7^']),  we  haw 

Thfl  capacity, .'/,  of  a  conductor  being  equal  10  the  charge  diride<)  by  lii< 
potential  wtiicli  iliii  chatije  produce),  or 

Af-QlV, 
wc  get  the  dimensional  cquaiion 

t.t/,l=[iir.-']. 
or  [jl/,]=[AfiJ/»r'A''];[/.'.Vl7  'A-t]  =  [/Jl-]. 

Thus  Ihe  capacity  of  a  conduaor  depends  on  the  imits  of  length  and  of 
specific  inductive  r.apaciiy  only.  This  agrees  with  the  result  which  wt 
obiained  in  %  464,  for  wc  there  found  thai  the  capacity  of  a  sphere  at  a 
great  distance  from  alt  oiher  conductors  is,  in  air,  numerically  equal  In 
the  nditis,  which  of  course  only  inrolves  ilie  unit  of  length. 

The  current,  O,  passing  along  a  conductor  ii  measured  in  the  electro- 
swiic  system  by  the  quantiiy  of  eleclricity,  Q^  which  pas&et  through  the 
conductor  in  the  unit  of  time,  hence 

or  [O]=[0r']=I/-t.»/*r-U-tl. 

In  the  electro 'magnetic  syitcm  the  fundamental  quantity  is  the  unit 
m^fiietic  pole,  which  is  defined  in  such  a  way  that  if  two  poles,  each  of 
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strci>gih  w,  are  placed  at  a  dhutnce  d  apart  in  air,  the  fnrce,  F,  which 
ihey  will  exert  one  on  the  other  i*  given  by  the  equation  F—Hi'id^.  If, 
instead  of  beJn^'  in  uir,  tbc  poles  are  separaied  by  a  incdiuni  at  which 
the  penneabilily  i*  >i,  the  force  excned  between  them  is  given  by 

In  this  case  we  are  unable  to  express  the  pernmbiliiy  ii  m  (emis  of  the 
fundamental  units,  anil  hence  in  the  dimensiunul  etiiiaiiun^  wc  have  to 
keep  in  a  lymbol  to  represent  the  dimcnsiuns  of  (i.  Hence  if  w*c  indicate 
the  unlcnnvn  dimensions  of  n  hy  [>>]  we  fjci  the  dimensional  e<)uaiian 

The  magnetic  force  ffm  at  a  point,  or  (he  ttren^ilh  of  the  inagnGlic  field 
ai  tbc  point,  is  the  force  which  acts  on  the  unit  pole  when  placed  at  the 
poinL  Hcnceif/^is  the  force  acting  on  a  pole  of  strength  m  when  placed 
at  the  point,  tvc  have 


Thus 


F=mlf^ 

(//-]=[/«-']=t/.-M/ir-Vi]. 


Since  the  magnetic  induction,  B,  is  connected  with  the  sir«nj{th  of  the 
ma^jnctixing  field  by  the  relation  ll—tifl,  th«  dimensiaas  of  B  are 
yivcn  by 

The  maKnetic  mo«nent,J/',ora  roasnei  being  the  product  of  ihettrcngth 
of  the  pole  into  the  leni,-ih,  /,  ibe  dimcationi  are  given  by 

[.W«]«[».i)=[/.M/t7-V]-[/.l=/-M/»7-V'] 

Intensity  of  magnetisation,  /,  being  the  magnetic  inoment  per  unit  of 
i-nltime,  wc  have 

t/-.]-tJr»]|[/.»]=[/.t.i/trV']/[/.*l-trM/irV]. 

The  xiurepiibiliiy,  i,  is  equal  lo  ibe  quotient  of  ibe  intensity  of  mag* 
nettut'KKi  by  the  magnetising  fotx-e.     Hence 

The  force,  F,  exerted  upon  a  pole  of  strength  m  when  placed  at  the 
rcQtFc  of  a  circle  of  mdius  r,  when  a  current  f  flows  along  a  kngtb  /of 
the  circumference  of  this  circle,  is  given  by 

F-mCl!^. 

Hence  the  dimeittions  of  current  are  given  by 

If  £  is  the  etcctromoiive  force  between  two  paints  on  a  coiMhtctfw. 
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lb«n  tlw  power,  P,  whkb  han  to  be  used  to  catue  ■  curreiiit  C  to  1 
Hgainst  ihtt  E.M.F.,  »  jpven  by 

P~EC. 

H«IK« 

The  rubtancc  of  a  i^ndactor  is  the  rabo  of  ih«  (lilF<?ref>c«  of  pmc 
between  ibc  cikI*,  when  traversed  by  a  camMit  C,  lo  ibai  tniircnt.    He 

Since  quantity  of  electricity  if  equ.-il  ta  live  ptudact  of  the  cuirat 
passing  into  llic  linic,  u^c  have  on  the  rleciio-magnciic  sysiem 

[G-]°Ic-,ri-[/.".tfi>.-ij. 

I'TOcecding  in  ihii  way,  <•«  may  find  the  dimensions  of  any  of  ibc  oit 
dMTtiical  or  magodic  ijuanciiies  on  ehher  Ibe  ekciro-uatic  or  «lccim- 
RUKnetic  system. 

We  )iave  seen  in  g  502  that  the  induction,  ina4;netiiini;  force,  and 
tbo  iotcnsiiy  of  niagnciiialion  arc  connected  together  by  the  cquatiM 
JSr"//+4«-/.  Now,  since  each  term  of  any  physical  equation  nraH  b* 
of  the  >amc  <limen»oni  ai  Ilie  »i1icr  lenns,  this  equation  indicate*  ihM 
li,  If,  and  /aiB  alt  of  the  same  dimension*.  But  hy  definiiioti  B—^H, 
so  thai  (he  dimensions  of /'and  //must  be  dilferenl  if  jiis  not  a  simpk 
number  Imving  ito  diincnsion't.  The  reason  for  tliis  apparent  anuiiulr 
is  that  ihc  enii.ition  Ix-twepn  B,  //,  and  /  jjiven  above  is  1101  a  cenrri! 
C()ua<iim,  but  only  holdi  when  the  magnetic  body  is  surmund^  tir  > 
medium,  such  as  air,  of  which  the  pcriTieabitiiy  is  taken  arbitratity  u 
unity.  Tlie  permeability  of  air  is  taken  as  unity  simply  became  our 
knowtcdKe  as  to  the  nature  of  permcabiliiy  is  not  sulHcieni  10  tell  how 
to  meaiure  it  in  a  way  independent  vi  the  properties  of  aay  one  kiod 
of  mailer. 

If,  instead  of  tatdng  the  permeability  nf  air  at  imity,  wc  enlt  it  t^ 
that  is,  wc  use  the  symbol  m«  to  indicate  the  pFrraeability  measured  in 
absolute  uniii,  alibough,  on  account  of  our  ignorance  of  the  lr«e  nattiK 
of  maijnetism,  wc  are  unable  at  prcscni  to  say  how  it  is  lo  be  measured, 
then  the  equation  connecting  //,  //,  ami  /  can  be  shown  to  be 

Bl»,=  //+^ir//»i„ 

In  this  equation  B  and  /  refer  to  a  medium  of  absolute  permeability 
ft  and  ^  is  the  alwotuic  pcrmeabiliiy  of  tlic  medium  in  which  //  is 
measured.  Tn  thit  equaiion  all  the  terms  arc  of  the  same  dimensions, 
so  that  while  the  dimensions  of  B  and  /  arc  the  same,  the  dimen* 
sions  of  B  and  //  ditfcr  by  ihc  dimension*  of  ix.  If  in  this  equation  we 
auume  arbitrarily  that  the  permeability  of  the  medium  {air)  in  which 
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H'vt  mcuHitcil  i«  uniiy,  we  gex  B^If^vtl.  When  IrcalJiig  of  dimen- 
Hons.  howCTcr,  it  »  not  xllowntilc  10  n»unie  ifut  the  diitunsiant  of 
pcTtncability  is  (cn\  so  that  the  correspond  in  j;  diiDcns-ionitl  r(|iialioii 
muM  always  inchide  a  sytntxd  to  represent  ihc  unknown  dimeoHnns  of 
tlic  alMuliilc  pcnneabilily  oi  u.ir. 

637.  Connection  between  the  Two  Sets  of  Units In  the  pre- 

oediiit;  seciiun  uv  Imvc  ubialned  ilic  dinicn&ioni  of  quuniity  of  dec* 
tricity  in  both  the  elect  ro-sta lie  and  tlie  elect ro-uia(;nelic  »y»iem>.  Since 
the  dimeii»iuns  uf  any  physical  (fuiuiliiy  must  be  indepeadcnc  of  the 
particular  system  of  tuiits  adopted,  we  may  eqiuile  tlie  two  vaJucs  for 
the  dimensions  of  electrical  quantity,  and  we  ibus  obtain  tlie  fotlou'inf; 
cquatkm :  — 

[A'-!^-tl=t/./-"t 
TtiiS    allows   tKat  ~jv-   is  of  the  dimensions  of  a  velocity.      It   we 

are  using  lh«  dimensional  equations  simply  to  deduce  the  Himtnaons 
of  any  quantily  expressed  in  tlie  one  system  ficm  its  dimensions 
exprened  in  the  other  systcrn,  then  the  above  relation  is  sufficient. 
H  however,  we  require  to  find  the  nuHurical  rguivalfHl  for  an  clcc- 
triciil  or  ma^^ciic  cjuaniiiy  cxprcued  in  the  one  system  as  eiprcssed 
ta  ihc  oihcr,  wc  requite  to  know  the  numerical  value  of  the  taiio 
K'\^'\'.l.T-\  Tlie  ^Nlue  of  this  ratio  can  be  obtained  eupcrimen. 
tally  by  comparinx  '*•*  value  of,  4a.y,  the  same  qaaiiiily  of  electricity 
as  measured  on  tuc  two  systems.  Suppose  that  a  certain  quantity  of 
electricity  is  ecjual  to  tit  electro-static  units,  thai  is,  can  he  represented 
in  ihi-i  system  by  n}^at\'t  gram.l  sec.-'  K\\  where  A'  is  supposed  to  be 
nxMsuicd  in  the  t.g.i.  system.  Nc»t  suppose  that  this  same  quantity 
of  etectiiciiy,  when  measured  in  the  clertro-ma^neiic  system,  i*  equal 
to  nm  units,  or  can  be  icprescnicd  hy  iT.>[cm.(  gram.l  «i-ij,  where  » 
before  it  is  nieasurcd  In  (.g^i.  units.  Equaling'  these  two  expte^iions 
for  ihe  same  quantity  of  clectncily.  whicli  n«  may  do  siii<:c  they  are 
both  expressed  in  cgj.  units,  we  gtt — 


Hence 


Hi^ixvS  gram.1  sec.-'  ATI]— ««{cm.l  granvt^*!^ 


The  quantity  77^  thus  represents  a  velocity  of  ft]i>m  ccBritnctTcs 

per  sMond.     Experiment  hu  Uiown  that  this  t-elocily  is  e<)ual  to  the 
^      wlodty  of  light,  fo  thai,  iadicktitlK  this  velocity  by  v,  we  )iav«— 

^^^  [M-i/r-n/t^r-O-f, 

I      >n  expression  which  allowi  of  our  convcnintt  electr>cid  quantities  cc 
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i  tn  one  *ystem  inio  !>■«  other,  it  bcinj*  mnonbeiH  tloi  n* 
llie  nntte  of  length,  mass,  vmA  time  employed  in  the  tm  ipw 
But  be  the  same.    UThen  llie^e  uitilt  Mte  the  [-rntimetrv,  Ibe  wcicd^ 
f  the  grim  t-  h  eipial  lo  3  ■  lo*  cm.,'»cc      A«  ixii   ouunplc  of  tie  up* 
1  lion  of  ihU  method  of  <.-onvenin|f  frDm  o«c  s>-6iem  of  gMi  inH  « 
I  other,  we  m:iy  lake  ibe  foUotrinj;   problem.       A  cooductinf  iflw  * 
placed  on  an  iniulaiinff  Hand  ni  a  ^-leat  <li9t.tRi_-«  fium  all  nba  (» 
dndors,  and  1u«  a  rndiu*  irf  10  rm.,  what   is   ii!i   capadly  cxpcetMl* 
dectro-tnagnMic  unit'*?     tn  g  464  ii  was    shown  dial  tJic  npaei?  ^ 
tuch  a  ■phere  in  eledrtvsuitic  units    was    numenciUy  cqojj  m  * 
Taditu.     Hence  tt^c  capacity  oT  the    sphere    m  eleciro-uatic  tsiu  ■ 
io(cin.  K\     If  »•>  U  (he  rahM  of  the  cnpacity  ia   clectm-mairMK 
unhi,  iben,  »ince    the   diineasloas    of   cap«cUy    in    this   sy«lem  ut 
[A-'7V~'^>'ehave  the  following  rcbuion  : — 


or. 


ioliA-]-«4£-«7V-i]. 
-l0(M-tA--l]-»/[i:7-«7-» 


-lOKn- 


10 


=  1.11  X  10-' 


P    9H  10" 

H«noa  the  capacity  of  the  tphere  i*  i.i  1  x  to-"  elecim- magnet k  mi* 
of  cftpaciiy.  Since  a  micrirfftrad  i«  equal  in  io-<^  dectro-macndic 
units  of  capacity,  the  capacity  of  the  spJiere  is  cqtia]  to  i.iiXl«*' 
microfariuls. 

638.  Thfl  PrKeti(»l  System  or  Electro -majrnetlc  Unit$.-It  a^l 
be  (onvcnienl  for  the  sake  of  rcfi-rencc  10  gallirr  lojfethcr  the  tvlauoai 
bet»«cn  the  c^.».  elcciro-maKnctic  units  an<l  thoje  on  iltc  practioJ 
system,  and  tlie  following  table  exiiibiu  these  relations  : — 


Qaunliy. 

Nanw  of  IVieiHal  ,         Fjiuivaletit  la  r/.t 
Unit.              1                     Uniii. 

1 

Current       .       .       .        ■ 
Quantity      .... 
Eleclromoiive  fore* 
Resistance  .... 
Capacity      .... 

Energy  or  work   . 

Power  ..... 

Ampere  . 
Coulomb 
\'olt 
Ohm 

Farsd     .        . 
Microfarad 
oule      • 
Watt       . 

lo-t  e.gj,  Doiis. 
«>-'    ,.        ,. 
w      „ 

10  '*  «     „ 

10'  crjs. 

10'  ctrgs  per  second. 

TbM.e  practical  unit*,  witli  the  exception  of  liie  micn>fiu«d,  »rc  thoM 
whicb  would  be  obtained  if  to"  em.  were  t.iken  as  the  unit  of  length  and 
10  "  gram  a*  the  unit  of  m.iM,  the  unit  of  time  lemaininfr  the  second. 
Thus  the  dimenslqns  of  rewstancc  being  [iT^VJ  !f  we  increaac  the  unit 
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Icnsth  trf  timoA,  kccpinj;  ihc  unit  of  time  the  same.  i>«  sliall  Increase 

unit  of  rc&iuaQCc  10°  tinits  ;  ibai  \s,  ihc  oJini  is  id*  (.g.i.  unils.    Tho 

nsioDs  of  current  bclri);  [/.'.l/t 7"' '>■"'],  the  incrcme  i>f  ihe  unit  of 

r    Icnjjih  to  10*  cm.  will  incmuc  the  unit  of  <uii«nt  lol  times,  while  the 

J     cb.-ingc  in  the  unit  of  mftM  to  lo  "  ti'itins  will  rei1u<«  the  unit  of  current 

|r     loV  times,  so  iliat  the  net  result  is  ih^t  the  tinil  of  current  on  the  prac- 

^^tical  S)-sIem  is  ia'I~  V>  ijmrs,  or  1,'loof  the  c.g^.  onit. 

^K     Wlien  considering  ihc  ih«rma1  cHccis  of  currents,  it  is  often  con- 

^■miiciU  to  express  (he  re«iili*  in  terms  of  calories.     Since  one  joule  i> 

^Be'  et^  and  one  calorie  is  equal  to  4.if!9x  to'  ergs,  we  {{ct  thnt  a  Joule 

^Ts  ecjuil  to   10^/4.189x10'  calories  or  0,3387  calories.     The  calorie 

employed  in  tliia  reduction  it  tlie  quantity  of  heat  required  to  raise  the 

tcmpemtiirc  of  one  uram  of  water  Ihrouch  one  degiee  Cenlij;racle  at  a 

tcmpci»lure  of  IJ*  C.     Since  a  watt  is  cqiial  to  one  joule  pet  second,  it 

is  c<|Ual  to  0.1387  calorics  per  itccond. 

In  order  to  oh^  iatc  the  ute  «f  vcrj'  Urge  or  very  nnall  numbcn,  units 
arc  iomelimes  used  which  are  it  million  times  (ic^  as  great  or  one 
millionth  (ro  fi  of  the  practical  uniit.  Thew  units  arc  indicated  by  the 
prefiics  incua-  and  micro-  rcspeciivrly.  Thu*  a  megohm  is  equal  to  a 
million  ohini  or  10  lo"  f.;;-!.  \va\X%  of  rc«>sttwce.  A  micro&rad  is  equal 
to  otte-mittionlh  of  a  brad  ;  that  is,  I0~*  brad  or  to"**  e^j.  unilt  of 
capacity. 

llie  icim  milliampcre  ii  sometime*  used  to  indicate  a  current  of  a 
Ihomaodih  (10  *)  of  an  ampere. 

In  electrical  engineering  it  is  usual  to  measure  aciiriiy  or  power  in 
kilowatts  a  kilowatt  being  1000  watts,  or  10"  ergs  per  second.  Since  a 
hone-power  is  equal  to  7.46X  to*  ergt  per  second,  it  follows  that  a  kilo- 
watt it  equal  to  l.^i  horse-power. 
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689.  Fanutay's  Law.— W«  have  in  the  preccdinjr  pag«s  seen  thai 
when  stn  electric  current  p«xscs  through  a  metallic  conductor  a  ccnuo 
({uantiiy  ol  hc;it  will  be  developed  in  the  conductor  ;  bui  after  ihe 
passage  of  the  current,  except  for  changes  cauicd  by  the  line  of  teinpe- 
niure  produced  by  the  heal  dc^'elopcd  in  ibis  way,  there  will  be  M  _ 
cban)^  cithrr  in  iit  chemical  composition  or  pli>'sicsl  sute.  In  additioa^B 
to  niciaK  some  liquids  conduct  ckctiicity,  and  are  called  clecirolytei, 
fti>d  we  now  proceed  to  consider  n-hac  phcnotnena  acconipany  ihc  pt*- 
tagr  of  a  current  ibrouxh  ihcic  bodies.  Tbe  magnetic  properties  of  a 
drcuit  which  conusis  wholly  or  in  part  of  cleclralytcs  differ  in  ui>  *ay 
from  those  of  a  circuit  composed  of  metals  oidy,  and  hence  do  D01 
require  any  further  consideration.  The  pMsagc  of  n  current  through  as 
electrolyte  is  accompanied,  however,  not  only  by  the  production  of  heat 
as  in  a  metallic  conductor,  but  also  b>'  ceiiain  chemical  t:bani;es  which 
take  place  in  the  electrolyte,  and  we  now  proceed  to  consider  these  ia 
detail 

When  a  current  is  pa»cd  throvigh  an  electrolyte,  such  as  a  solution 
of  sulphuric  acid  in  water,  by  dipping  two  platinum  plates  into  the  solu- 
tion, and  connecting  one  of  these,  called  the  anmie,  with  the  positive 
pole  of  a  battery,  and  the  other,  called  the  i.itAoJe,  with  the  neK^ttve 
pole,  decomposition  of  the  elearulyte  will  accompany  the  passage  of 
the  current  The  two  products  of  the  decomposition  of  the  electrolyte, 
whether  ihey  arc  either  or  both  elements  or  compounds,  will  be  liberated 
one  at  the  cathode  and  the  other  at  the  anode,  and  not  at  all  at  any 
point  of  the  liquid  between.  That  pan  of  the  elecirolyte  which  is 
liberated  at  the  anode  is  called  the  anitut,  and  that  part  liberated  at  the 
kathode  the  katian.  It  docs  not  necessarily  follow  thai  the  anion  and 
kalion  are  actually  given  off  as  such  at  the  anode  and  k.ilhode  tespcc- 
tiveiy,  for  iccoiidarj-  chemical  changes  often  lake  place  between  the  loru 
and  the  clecirodes,  as  (he  plates  used  to  form  the  anode  and  kathods 
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■re  calted,  or  with  the  undecomposed  portion  of  the  eleclrulyte.  Thus 
in  tlie  caae  of  the  electrolysis  of  a  solution  of  sulphuric  acid  (H^SOi),  tli« 
k^tion  is  1),  while  ilic  nnion  is  SO,.  Uul  while  hydrOKCn  is  given  offM 
the  kathode,  al  the  anode  n  scrnndary  reartion  take*  plaite,  the  SO, 
reactiiiK  with  the  natcr  of  the  &o]ii<ii>n  so  A»  to  pioducc  sulphuric  add 
and  fjtt  oxygen  according  to  ihc  equation 

SO,+  H,0=H,SO,+0. 

The  Uws  which  (["vern  rieciralysis  were  <liscover«d  by  Faiad^y,  and 
arc  hence  known  as  Fatrtdny's  Tnws.     These  are  : — 

I,  The  quantity  of  nn  electrolyte  decomposed  is  proportional  to  the 
quaniiiy  of  electricity  which  passes. 

3.  The  mass  of  any  ion  libcraii-d  by  a  i;ivcn  quantity  of  dectrtcity  la 
proportional  li>  ihc  clieiniciil  equivaleiu  weight  of  the  ion. 

In  tlie  case  ordcnieniury  ion*  the  cbemiciil  equivalent  weight  is  the 
atomic  weitcht  divided  by  ihe  valency,  while  in  that  of  a  compound  ion  it 
it  the  molecular  weight  dii'iiied  by  the  valenc;-.  If  the  weight  of  an  ion 
liberaMd  by  the  passage  of  the  unit  <iuantity  of  clcctticiiy  is  called  the 
electro- chemical  ccniivnlcnt  of  ihc  ion,  then  Fatada/s  laws  can  he  put 
into  ilie  farm  : — 

The  mass  of  nn  ion  liberated  i»  c<|ual  to  the  product  of  the  quantity  of 
deetricity  which  pasie-S  into  the  electro- chemical  equivalent  of  the  ion  ; 
the  cleciro-chcintral  equivalents  of  the  ions  being  to  one  another  ai  the 
cJMmical  combining  weiRhis  of  these  ions. 

Since,  if  the  clcciro-chemical  equivalent  of  anyone  ion  is  known,  thai 
of  any  other  can  be  c:ilculaled  from  the  cliemical  equivalent  weights,  it  is 
of  importance  to  deierniine  the  value  of  the  vleL-lto-cheniical  cqui\-alent 
in  tbe  case  of  one  ion.  Accurate  cxjierimenis  have  shown  that  when  one 
OKilomb  of  electricity  passos,  thot  is,  when  a  current  of  one  ampere 
passes  for  one  second,  the  weight  of  silver  deposiie<l  from  a  solution  of  a 
silver  salt  isacoiiiS  grams.  Since  (he  atomic  n«ight  of  silver  is  107-94, 
and  the  vakncy  is  1,  while  the  ntoinic  neight  of  hydrogen  is  1,  and  its 
valency  U  alio  1,  the  elect lu-c hem ical  eijuivalent  of  hydrogen  is  «iual  to 
OLCioiiit!.'io7.(J4.  or  .000010357.  Hence  a  current  of  ^1  amperes  Rowini; 
for  /  seconds  will  lilicrate  1.0357  x  10"*^/  grams  of  hj-drogrn,  or,  if  f  is 
the  chemical  (univalent  weight  of  any  ion,  will  liberate  m  grams  of  this 
ioD  where  m  is  given  by 


A«  an  example,  in  the  case  of  coj/per  as  a  cupiic  salt,  the  atomic  weight 
i*  63,  while  the  valency  is  I  ;  hence  the  chemical  equivalent  is  63/1,  and 
electro-chemical  equit-alent  of  copper  is  1.0357  x  io"*x  31.}. 
Since  tbe  passage  of  1  coulomb  will  ikpMit  xni  118  grams  of  silver,  it 
I  require  the  passage  of  107.94^0011  iS  coulombs,  or  g^-^jo  eoalotnt 
sit  I  gram  equivalent,  that  Is,  tlto  chemical  equivalent  in  grams,  1 


» 


W8 


Magnetism  and  Eleclrieity 


[S5» 


sitvH.  By  Kaiiida/fl  wcuod  law  ii  foltows  thai  the  piisu;;e  of  <fo.%y> 
coutocnba  will  cause  (tie  sepanlion  of  one  ^mii  rt|utval«al  of  anr  kiodif 
ion.  In  ibc  caicuf  joni  Hhicli  can  lute  mote  tliun  unc  chrniknl  I'akocj 
there  will  be  inore  than  one  cfaemicai  ci]uiv,ilcnt.  Tlius  iron  can  cxiH  ■ 
a  onmpnund  ciibcr  in  the  ferric  condition,  «rhen  it  bft<t  a  lalency  ^  ud 
canse<iuentty  a  chcntical  equivalent  of  >6,'3  or  18.7,  ot  as  a  lerrviB  sail, 
wlieii  it  liii*  a  valency  of  3.  and  Itcncc  tlw  chetnical  equivalent  u  56,  i,  m 
aS.  Tlius  u'hca  a  fcrik  sail  ii  ctectrulirml  the  elcdro-cheniical  e4{n- 
ralent  <rf  iron  i»  I-03J7  x  io~*X  1S.7  ;  while  »lwn  a  fcrroux  salt  is  electi 
lysed  the  electro-chemical  eqtiivalent  is  1.0357  x  lo^*  x  38. 

Since  the  passage  of  96,;;ocoul<iml>*  of  clcarici(yilir(Hi|i;h  an  rteci 
lytc  alia)-*  liberates  nnc  srnni  c(;uiv.»knt  of  each  ion,  if  no  euppoM  tl 
^ctriciiy  to  pLiM  b)'  11  kind  of  conveclion,  licing  cariied  by  the  lon^  1 
poiiiit'c  ch.tT);c  bcin^-  cirricKl  by  the  kation^  in  tlic  direction  of  tlie  currmt, 
aiul  a  iic^aiivc  chaige  by  the  anions  in  the  oppo6it«  diiection,  it  follon 
that  the  churce  cunieil  by  ilie  cheiuiat  equivalent  of  t-.tch  ion  must  be 
the  same.  In  the  case  of  univalent  ions  the  electro-cliemicnl  c<iuivalenti 
are  propartinoal  to  the  atomic  or  nioIci;uIar  n«ighis  according  as  the  ion 
bftn  element  01  a  compound.  Hence,  if  ire  extend  the  term  km  tonKaa 
the  smallest  ponion  of  the  sului.mct;  producinif  the  ion  w  hich  can  lake 
part  in  a  chemical  reaction,  the  charge  carried  by  each  ion  mast,  in  the 
caw  of  all  univalent  ion>,  be  the  ^mc.  Let  t  be  the  charge  carried  by  a 
univalent  ion,  then  if  cf  is  the  ireiKht  of  the  ion  of  h^ilroiicn,  one  ^ram  of 
hj'drogcn  will  currespund  to  i,'n'  ions,  and  >ince  the  ifuantiiy  of  electricity 
transported  I>y  one  K  r:im  of  hydm^n  ions  is  v^5  JO  coulmnlM,  the  quantity 
transported  by  each  ion  is  given  by 


I 
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or,  if ««  suppose  iliat  an  ion  of  hydrogen  is  the  same  as  t]>e  aioin, 
thai  an  atom  of  bydrp^en  weighs  $.3  x  io~''  grams, 

<=96;5ox8.3X  lo"*— 8  x  10"  coulomb. 

Thus  the  quantity  or  eJcctricity  itansporlcd  by  a  univalent  ion  isSx  itr* 
coulomb,     If  the  ion  \%  a  k.tiioii  <  \%  positive,  that  is,  each  ion  carries  a 
positive  charge.     II,  however,  llie  ion  is  an  anion,  the  charge  is  negative 
and  is  transported  in  the  opposite  direction  to  IhJit  in  whicii  the  curren^fl 
flows,  ^^ 

In  the  caic  nf  a  divalent  ion,  such  as  copper  or  SO,,  the  charge 
carried  by  each  ion  must  Ik:  equal  to  ±21,  for  each  atom  of  copper  weighs 
63  times  as  much  as  an  atom  of  hydrogen,  while  the  weight  of  copper 
^posited  by  the  passage  of  .1  given  quantity  of  electricity  is  only  63,'a 
liakcs  as  much  as  the  weight  of  hydrogen  liberated  by  the  same  quantity 
of  electricity.  Thus  the  number  of  ions  of  copper  depouicd  by  oiw 
coulomb  ii  half  the  number  of  hydro^-eii  ions  liberated  !>)■  the  same 
quantity  of  electricity,  and  lience  each  copper  ion  must  carry  twice  , 
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gTCUl  a  c1iar|;«  M  cAch  hydratrca  ion.  In  the  muiic  way  Ihc  Lhnrij-c 
carrini  by  iriralent  lonft.  siicli  as  nluiiiiniuiii,  tnaf\  be  ±3*. 

540.  Electrolytic  Dissociation.— Carrriil  c\|]crimcnii  have  sliown 
Xhal  ill  tlic  case  of  cIccirolyU-s  Olirn'«  Inw  liolds,  iliat  Js,  ao  dcctramotivc 
fi>rce  3i'(iiiK  ill  llic  cicc(rol)rip  produces  a  current  wliioli  is  proportionnl  In 
ihc  E.M.K.  A»  we  iliall  sec  later  (§  544),  when  considerinjt  ihc  E.M.F, 
nhich  is  acting  la  produce  n  current  through  nn  ctcclrolyic,  it  dots  not 
do  wnicaiurc  ihc  E.M.F.  between  the  c!cclroti<^i  by  means  of  which  the 
cnrrcnl  14  conveyed  lo  and  from  ihc  electrolyte^  for  it  requires  in  );eneriil 
a  definite  K.M.F.  to  cau«c  a  curient  lu  pjiss  from  a  meinl  to  un  electro- 
lyte, %o  thai,  wlieri  r: oils iile ring  the  cooneclioit  bctwfCn  the  K.M.F.  and 
the  current  which  it  produce*,  that  is,  the  qusMion  of  the  icii»l»nce  of 
electrolytes,  the  difTcrcnce  of  puienlisl  must  lie  measured  between  two 
points  within  the  electrolyte  it»clf. 

Ohm's  law  being  Inie  for  elect  rolyi  eg,  it  follows  iImc  Joule's  law  biubi 
also  be  true,  and  hence  nil  the  cnctgy  of  the  current  spent  when  iravernug 
an  cicctiolytc  must  be  u&ed  Mniply  in  the  production  of  heat,  vid  none  of 
it  can  be  employed  in  doing  chcniical  work  in  splitting  up  the  electrolyte 
into  tons.  Within  the  inaM  of  the  elccirolylcthererorc,  the  action  of  the 
current  in  eletirolysis  must  simply  consist  in  tlic  exertion  of  a  dirccli»e 
kifltience  on  the  cliarced  ions,  causing  them  la  mo\-e  tnward*  the  cloc- 
irodn,  where,  as  wc  shall  sec,  the  work  corrri ponding  10  the  splitting  up  of 
the  chemirjt!  compound  is  pi-tformcd.  When  seeking  the  explanation  of 
how.at  any  r;itc,a  pan  of  the  ekcitolytc  cun  be  in  such  a  condition  aa  tu 
allow  tlie  anions  and  tuitioiis  to  be  moved  in  ()ppoiil(:  dittclions,  wc  are 
at  once  met  with  the  curious  (act  that  it  has  licen  proved  eipenmentally 
that  perfectly  pure  water  is  practirally  a  non-condudar,  as  it  also  {[ueatM 
hydrochloric  acid,  while  a  solulion  of  jiydrochloric  acid  in  water  oooducts 
freely.  In  ibc  same  uay  pure  sulphuric  acid  is  a  oun'Conductor,  or  at 
any  rale  a  »-ery  bad  conductor,  while  a  dilute  solgtioa  of  sulphuric  acid  is 
a  comparatively  good  conductor.  If  we  suppose  thai  the  iunisuiion,  as 
(be  pfoccas  which  cnniiits  in  so  changing  the  relations  of  the  constitiMnts 
of  a  compound  that  they  are  able  to  conduct  electricity  Is  called,  is  due 
to  the  shaking  apart  of  the  ions  in  the  crxnpourid  moloculc  during  the 
collisions  between  two  molecules,  then  we  should  expect  that  the  more 
frcijuent  the  <xiliisionB  the  gieater  the  proportion  of  the  molecules  which 
arc  ionised,  and  hence  the  greater  the  eleclrica!  conduct iiily.  As  we 
have  mentioned,  however,  tl>is  is  not  the  case,  for  pure  sulphuric  acid 
dors  not  conduct. 

1<  is  therefore  evident  that  the  hydri>chlaric  acid  and  the  sulphuric 
acid  wlien  they  are  dtisotvcd  in  water  are  in  a  dillcrcnt  coodiiiun  from 
that  in  which  they  were  before  solution.  In  f.tci,  in  iIm:  solulion  a 
greater  or  less  proportion  of  the  molecules  uic  eiiber  pemtanently  split 
up  into  tkcir  ions,  so  that  in  the  place  of  a  molecule,  say,  of  HCI  m 
live  a  hydrogen  ion  with  its  positive  dtarge  +(,  and  a  cliloriiMi  ion  wiib 
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its  negative  charKC  - «,  or  tlie  Torocs  wbkh  binj  ihc  II  anil  CI  lu 
■he  inolcrulc  of  IICI  an:  m>  rcduocd  ibm  liiihii)-  ibc  rolliait 
occur  ihcw  ions  become  sejMirattd,  so  iluit  at  any  in>iixi)t  a  &■ 
poTiinn  of  iniu  arc  sepdralcd  one  fraiii  ib«  uihcr.  It  doc« 
that  tho  same  ioitt  arc  atways  thus  i;cpamie<I,  at  tbry  mnj-  tccnab 
but  that  taken  as  a  wliolc  tli«re  arc  alwny^  a  tonsUlrrtble  i 
sepanie  canditium.  In  cither  ca»e  Ibc  HCl  is  uid  to  be  dit 
ionised  b):  its  mUiIkni  in  the  water.  In  very  weak  Milutions  the  i 
re»iMaace  U  such  that  it  would  apftcar  thai  all  the  mntvcules  oT  the  KG 
aic  dttwdatecl,  white  in  stroi^er  vilutkmx  <Kily  s  fraction  of  tb«  Hli 
molecules  are  dtssodaicd,  aixl  thai  the  iindiKHMriaird  moIrculBs  phyi 
part  in  the  onnduciion  of  the  ciociikiiy  in  thr  solution. 

1  n  order  to  accmmi  for  the  dissocialin^  tnitiMoce  oftmer,  the  i 
hax  been  pul  forw.ird  th.il  ihc  forces  which  hold  Ibe   tons  tOE 

form   •   molecule   arc   du«   to   Ilie   electrical   attmciioru    bet»      

oppiMiiely  charged  ions  m>  tliat  as  .line  spccttic  iiulucitvc  aqncitf  1 
waier  is  very  j;ieai,  ihi»  force  it  very  tituch  reilocod  when  il»e  mo 
is  dissolved  in  u-ater.     For,  as  we  have  already  teen  (|  463),  if  1 
vbarsed  bodies  atv  transferred  fmm  air  inio  a  medium   uf  which 
specific  induttive  capacity  is  A',  the  force  exerted  between   tlicm 
reduced  in  the  ]>n>pottion  of  A' to  1.    Hcnce^uncc  the  ions  are  hie 

10  ha\-c  a  con^unt  ch.irj^,  the  force  exerted  between   ibe  iun*  in  i 
ntolccule.  icndin;,'  to  present  the  spliiiing  up  of  the  n»ile<nile,  win 
less  in  a  medium  of  hivH  spccilic  inductive  capuiiy  such  as  wate^  1 
which  A'— 79,  than  in  one  uf  small  spedlic  inductive  rnpiaiSty. 

The  disMciation  or  innisaiion  here  cotisidered  is  of  a  dilTerent  1 
from  that  a-hich  may  lie   produced   by  incicaaiog  ibc  (emperaiure 
whirh  a  pure  Hibstance  it  »id>je>nnt,  and  mast  not  be  txwifubcd  wid 

11  Thus  ammnnium  chloride  (NH,Q)  mIicb  heated  duuuidaits  nl 
ainmoDia  (NM,)  and   hydrochloric  a<:id  (HCK  while  in  a  solntMia 
NH,0  in  water  diuociat ion  takes  pbcc  into  the  Kuts  Nil,  anil  CL 

The  hypnthcsii  that  in  an  (^cctrolyte  tbc  ions  cxim  in  ihe  iinran 
coiMlitian  receives  fuither  support  frcuo  the  other  properties  of 
soluliuna  conndefed  in  §.$  16^  11^  337.    As  has  been  pointed  om,  in  1 
caseofsnUitions  of  acids  and  alkalies,  the  osmotic  peetanre:,  the  lowenii 
tif  the  freieiinK-pAint,  and  the  Inwcring  uf  Ibe  vapiiur  pressute  are  in 
Cittca  much  ^n^tor  dun  in  ilie  rase  of  non  electrolytes.  Ifwe  reniemti 
thai  oD  \^an't  Holf's  hypothesis  ihcM  cflecit  are  praponional  to 
tttmtber  of  motomles  picsent.  then,  in  nrdcr  to  cxicnil  this  hypnitiests  ' 
e)«cirolytes,  «e  aic  led  to  postulate  ilie  pre^eicn  uf  a  Kicaier  numl 
of  mnlenilei  tlun  nptttors  to  be  pieaent,  if  we  soppose  iliot  the  body  i 
tMM  diwotnated.    TUik.  as  shown  on  pa^  }(U!,  the  tnntccidar  dc 
of  lli«  heMiaii-point  pradux-ed  in  dilute  aqueoiM  wliMiom  of  siKh        _ 
ctectralytP^  as  suj-ar,  |;|yceTtne^  acetic  acid,  ai>d  ethyl  alcnlml,  \\  aboat 
1^    In  lb)!  caite  of  hyiltucliloriracMliSiiIphurie  acid, and  •lalinRi  cbhir 
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Uie  molecular  dcprosioa  u  about  36.  Now  if  in  the  dilute  wliHioiu  the 
molecule  of  liydiocliloKc  aciil  n  disMxiinicd  into  H  and  CI  ions,  aad  if 
cull  ion  produces  the  nmt  effect  »»  an  uadiuomted  molecule,  the 
solation  will  conuii)  twice  as  xtamy  aciivu  molecules  as  «-»ul<l  be  the 
caM  if  00  »ucli  diMociatian  occnned,  and  Itence  we  ttbould  c\-pcct  the 
depfcs«iott  of  the  frcciing' point  to  be  Inii^e  as  Kf^at  as  that  in  the  case 
where  no  dissocial  ion  takes  place.  In  the  case  of  a  substance  like 
t>arium  chloride  (liiiCl^  whkb  i:an  dissociate  inia  a  hariim)  mn  and  iwo 
chlarinn  ions,  we  shoutd,  on  the  dissorinlion  hypothesis,  cxpcit  the 
moIcniUr  dcprcMMMI  ol  the  frcr»inx-poinl  to  he  three  timet  ns  givfti  as 
in  the  case  of  an  undistodnied  body.  As  a  mailer  of  (net,  il>e  value 
obtained  in  the  caw  of  barittm  chlondc  is  43.6,  and  although  ihia  is  not 
cjuiic  eqiul  to  three  times  19.  )-et  the  dllference  can  be  sutisfiKtoril}' 
explaioiNl  b)-  suppusiiis  tliai  the  whole  of  tlie  Inriiun  chloride  in  the 
MilntMHi  employed  in  deicnniniag  ;he  depression  of  ihe  frceiiDi;-|>oini 
was  not  disutciaied,  so  that  ilKrc  ivcre  some  innlccnlcs  of  ItaCI.  present 
which  u-ould  only  produce  n  thinl  uf  the  dt-ptession  that  they  would  have 
produced  lud  th(->'_brcii  disMtciaicd, 

While  some  supponers  of  the  dissociation  ibcoi)'  mainiain  that  in  a 
dilute  soluiiou  the  ions  mv  olmost,  il  not  (jtiitc,  separate  and  rvmain  so 
all  the  lime,  others  only  consider  that  in  an  electrolyte  the  ions  are  so 
hx>«ely  joined  together  that  they  are  onntinually  exchanging  partners, 
and  that  the  influence  of  the  electromotive  force  used  to  send  A  current 
it  to  direct  thOM  ioB*  which  at  the  moment  happen  to  lie  in  the  proccw 
of  clunfiii^r  partners-  .Several  ntiempis  have  been  made  to  devise 
experiments  to  show  that  the  ions  are  separale,  but  ihcyare  none  of 
them  cuitclusirc.  It  does  nut,  however,  much  ntaller  which  hypo- 
thesis we  adopt,  since  dthcr  ts  capable  ot  exp'aining  the  obtiervid 
ptienumena. 

541.  HlfTrfttlon  of  tho  Ion$,~If  a  solnlioo  of  copper  sulphate  is 
electrolysed  licCwcwu  copper  elrnriMlcs,  the  copper  kation  will  lie  sepa> 
nted  from  ihc  solution  and  be  dcpt^iutcd  i>n  ilic  kathode:  The  anion 
SO,  will  not,  lunrever,  be  liberated  in  the  free  stale  at  Ihe  anode,  1>ut 
will  attack  the  anode  (onning  copper  sulphate.  The  result  is  thai  for 
every  copper  ion  that  goes  out  ol  solution  at  the  kathode,  another  copper 
ion  comes  into  solution  at  Ihc  anode,  while  the  SO,  i<ins  remain  in  a 
cnnsiaat  ninnbcr  io  ike  suluiion.  'llius  the  total  quantity  of  copper 
sulphate  in  the  solution  is  unaltered  by  the  process  of  electrolysis.  The 
concenlraiion  of  tlie  solution,  hA««ver,  becmne^  urealer  near  the  anode, 
while  it  becnntcn  less  near  Ihe  kathode.  In  the  cote  of  a  sohition  of 
copper  sulphate  this  ran  be  easily  seen,  il  the  ctectrodes  are  arrniiKrd 
one  above  tlie  other,  the  anode  being  liclcw,  to  th.it  the  strenK<h  of  the 
solution  docs  rM>t  tend  to  be  c(|unli<ed  by  conveciion  currents  «ct  up  by 
ilie  dillitrences  in  density  of  the  sohition  near  iIk  ctearodrs.  After  the 
current  has  tieen  passed  (or  ftonte  time,  it  will  be  observed  iltai  the  cotoor 
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of  the  lohHimi  b  dukcr  near  the  acrdc  w&  ligfalcr  near  tbe  kathadt 
ihMi  ti  wu  bdora  tbe  pawngg  of  the  cumu. 

In  ihia  cue  the  naaion  bttweai  the  Miion,  SO„  and  the  anode  to 
produce  CttSOf  will  Mxount  for  lfacRTeiie11i«tiiic«rtIie  solntioa  neauik 
anode.  Tlui  cxpUasiion  wtit  duI,  bowever,  hold  in  all  caics,  fix-  HitlDtt 
who  mule  iiHDjr  accanne  obsemtioas  of  the  c)iaiis<^  in  the  nKngtii  ef 
ckctTulytes  prodand  \tf  ibe  pcuMge  of  tbe  cartmi,  found,  in  the  Csk 
(if  nun)'  tlectiDijiM  where  no  secoiuUry  rtaction  bctirccn  the  libenicij 
ion*  and  ciibcr  the  clccirodn  or  the  tolrent  took  places  that  the  soluiMfi 
beounc  ncakcr  bear  one  clccitode  than  iKar  the  o(ber.  In  Mieh  casn 
u  iba)  of  Ibe  etectiolysU  of  copper  xulpbatc,  «  here  xcondaiy  reactkai 
take  place,  it  is  ixmvA  ihat,  when  due  allowance  it  made  fi<r  tbe  tSeea  of 
■udi  tccondary  reaction*  on  tbe  coBcentfattoa  of  the  wtluiion  near  tbe 
elccirodc  at  which  iIm  Mcondary  reacrion  occtira,  iiill,  the  conccottaiion 
vanes  mote  near  one  etecirode  than  near  the  other.  In  order  lo  anniac 
for  tJiCM!  iaxw,  Hillorf  has  put  ionrxtA  the  hypothesis  that  tbe  iona,  vhca 
ibey  tmvel  throttf;h  the  l»qu>d  under  the  influence  of  tbe  poirntial  dtfTer- 
cnce  which  forrc*  the  cuireni  throusfa  rbe  •oliition,  do  not  iravel  with  ita 
same  velodty,  but  that  for  a  given  concent  ration  of  the  lohnion,  and  a 
given  pMcnttal  gradient,  each  kind  of  ion  moves  with  a  coiMiaiit  vctedty, 
and  thai  the  vclocittn  cormponding  lo  dlflerent  ions  are  not  the  lainet 
Hitlorf  also  found  ihsi  the  weakening  of  tbe  wluiion  took  place  excluiirdy 
in  the  unmcdialc  ncii,'libourliuD(I  of  the  elccirodei. 

Let  a  be  llic  wirij^ht  of  t^alt  loit  by  the  solution  near  ibc  anode  during 
the  passiitfe  i>f  a  git-en  quantity  of  cicclricily,  and  k  the  corretponding 
quaniit<r  near  the  kathode.  Then  Hillorf  found  that  the  ratio  a}k  has  a 
fixed  value  for  every  ckcirolytr,  if  only  the  solution  is  ver)-  dilute.  TW 
lota]  quantity  of  salt  lost  from  ihc  solution  \ka-\-k,  and  the  ratio  n  of  the 
loH  of  salt  near  the  kathode  to  the  loial  loss,  or  kllfi*-k\  is  called  tW 
migration  constant  or  irunapon  number  of  the  anion.  In  tbe  sante  n-ay, 
tf/Cif+i'Jor  1  -/( is  called  the  migmtion  constant  or  tiaaspun  number  af_ 
the  kati&n.  ■ 

Assuming  that  the  differences  in  the  concentration  are  due  to  lite  fatf 
that  the  ions  move  or  miKratc  with  ditfercni  velocities,  we  can  deduce 
the  relative  vclociiicB  of  ilie  ions  in  ihcc.iBC  of  anyele<trolyte  if  we  know 
tht  value  of  «.  Thus  suppose  that  ft  dili;[c  solution  of  hydiocbloric  acid 
!■  electrolysed,  the  proccs*  bcinj;  continued  till  96,;5ocoulomba  of  elec- 
tricity have  passed,  so  that  36.4  graim  of  the  acid  are  decomposed,  then 
one  grim  of  hydrogen  will  be  libented  at  tlie  kathode,  and  3J.4  grains  of 
e  hi  urine  at  the  anode. 

In  the  first  place,  kl  ub  suppose  that  llie  current  is  carried  ftiwn  the 
anode,  A  (t'ig.  517),  lo  ihe  kailio<k,  c,  exclusively  by  ibc  motion  of  the 
bydrii^eii  ion*,  each  c.irrying  its  charge  +  r.  If  then  llic  hydrogen  ions 
arc  reprt'iented  by  ihe  sign  +  ,  and  ihc  chlorine  ions  by  — ,  Ihe  arrange- 
ment of  Ihe  ions,  or,  if  we  like,  the  molecules  of  salt,  in  their  loosely 
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combined  condition  can  Iw  rcprcMntcd  di(igrninmaiicallyby(«\nB.  SI7. 

During  ihe  paiM^  of  the  currciit,  all  Ihc  1 1  ions  n'ill  move  to  ihe  left,  so 

that  1  gram  a(  hydrogen  ions  will  bo  evolved  at  K,  and  the  solution  near  A 

will  therefore  lo»e  I  RTam  of  H 

iont.     1~hc  «olulion  will  nlno  lote 

3S-'t  K^nms  of  CI  ions  neac  A,  for 

the  C!  ions  which  arc  left  on 

account  of  ilie  migraiion  of  the 

H  ions  »ill  be  liberated  at  the 

anode.    Thus  the  solution  near 

A  will  lose  36.4  grams  of  HCI,  so  -r  ■'•[+  +  +  +  +  +  +  +-•-  +  + 

that  tlie  arrangement  of  the  ions         |~ —  ———«■•»  — 

or  molecules  after  tl>c   ^lass.igc 

of  the  current  can  be  TcpreK-nlcd 

by  (4).     Hence  the  supposiiion  Via.  ^ly, 

tliat  the  H  ions  sire  the  only  ones 

which  niig rale,  necessitates  the  whole  Io»sof  conccnirnlionoftheelectra' 

lyle  occurring  at  the  anode.     In  the  same  way,  if  we  suppose  that  the  CI 

ions  ate  the  only  ones  which  convey  tti«  current,  each  moving  towards 

the  anode  with  the  charge  -<,  the  H  ioni  lemuining  diitriUtlrd  uniform]/ 

ihroughoul  the  »olution,  and  not  tno%ing  when  the  current  pawes,  llien 

the  solution  near  the  kathode  xviU  late  the  whole  3^4  granii  of  liCI. 

Next  suppoie  th^t  the  H  inns  move  with  »  velocity  u,  and  ihc  CI  ion* 
with  a  velocily  v,  then  part  of  ibe  current  will  be  due  to  the  movemctii  of 
ihc  poiili\«l)-  rhar)(cd  1 1  ionx  in  the  same  direction  as  the  current,  and 
the  remainder  will  be  due  to  ihc  movement  of  the  nej-atii-cly  diaq^d  CI 
ions  in  the  opposite  direction.  In  unit  tini«  the  number  of  K  ions 
which  reach  the  kathode  nill  be  to  the  numlwr  of  CI  ions  which  reach 
the  anode  as  i*:i'.  Hence  the  fraction  of  the  <iunnliiy  of  electricity 
which  piassei,  which  is  dur  lo  the  movement  of  the  H  ions,  la  w,'(w  +  t'), 
while  the  fraction  due  to  ibe  movement  at  the  C!  ions  ii  t'/(«-t-('). 
In  order  10  obtain  the  changes  in  concentration  of  the  solution  at 
the  two  decimde^  we  have  therefore  to  calculate  nhai  quantity  of 
the  elcctrotyle  will  be  lost  near  the  kathode  due  to  the  pasnge  of 

■— -X965S0  coiiIom1»  carried  by  Ibe  CI  ions,  and  ihe  toss  i»eiU-  the 

anode  due  to  the  carrying  of 'n'/i^t/o  coulombs  by  the  II  ions. 

From  the  conHtkaiions  of  what  happened  when  the  whole  of  the 

electricity  was  supposed  to  be  carried  by  the  i\  ions,  we  see  that  if 

fa  

x<;A55o  coulombs  is  carried  by  the  H  ions,  the  loss  («)  of  HCI  near 

the  anwie  wilt  be  3^4 X — ^  {(ntms.    In  ihe  same  way,  the  loia  (<() 
Ibo  luihodo  will  be  3614  X  -^'  -  grams. 
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Henoe  -■»"  -TTt  whet*  «  i«  the  mignitmn  cnnsuini  for  ihe ioob, 

U  dvMnnbed  by  HiltorC  It  wilt  be  noted  thtu  in  unit  time  m  hydros 
icMia  more  away  from  llto  anode,  nnd  hence  u  rlilortne  ion*  will  be  ki 
alone  near  (he  anode:,  and  will  be  etxitved.  In  the  some  way,  nbm  rCl 
iucis  move  away  from  the  kalhode,  t-  H  ioiu  will  be  Icfl,  and  ihi-se  klu 
will  be  liberated,  to  that  at  both  anode  and  kathode  u  *  v  ionf  wiQ  be 
liberated. 

642.  The  Molecular  Condtictlvlty  of  Eleect^lytes-Ionle  Vrio- 

cities. — Lci  cbc  ihe  iiumliei  of  k ram  e<|uivaIcnt»(S  539)  of  an  ctectrotyl* 
contained  in  a  liiie  of  solution,  then  the  actual  numhrr  of  n>olecules  in  1 
culic  of  which  each  vA^t  i»  one  ceniinneire  will  be  propoiiioiuil  10  c 
Hence,  if  the  whole  number  of  moleculn  of  ihc  Mtlt  are  Oiiisociated,  ilit 
luimber  of  ions  contained  in  the  tinii  cube  of  the  soluiian  will  he  prapor- 
lional  tof.  If  now  an  E.M.F,  ^acts  between  the  opposite  fiicet  of  ibf 
iinii  cube,  and  a  cutreni  C'pa»e%afld  if  A*  is  the  conductivity  (§  4Si)(rf 
llie  'Solution,  we  have  A'— C/^.  If  further  we  aisunie  that  the  current  ii 
tonveyed  exdiixively  by  the  ioni,  and  that,  as  lont;  ai  the  me  of  (al  of 
potential  along  the  toliiiion  i»  constant,  that  is,  in  the  ca«!  before  u)  if-- 
is  constant,  the  velocity  of  the  ions  is  constant  whairver  thi;  coaccmn- 
lion  of  the  sulution,  it  follon'f  thai  the  currcnl  niuM  be  proportional  <•> 
the  number  of  ions  between  the  opposite  fii«s  of  our  unit  tuhci  HenM 
(be  tonductiviiy  niuit  lie  proportional  to  the  number  of  ioni  contained  in 
the  unit  cube,  so  that  if  A'  ii  the  specific  conduchvrty  of  the  solution,  liil 
is,  the  conductivity  between  the  opposite  faces  of  the  unit  cube,  we  have 

where  w  is  a  constant,  and  is  called  the  molecular  conductivity  of  ilw  utl 
which  forms  the  elccirolyie. 

Kohlransch,  who  hits  made  a  nimihrr  of  measurements  of  the  con- 
ductivity of  solutions  of  elect Tol>'tcR  of  different  concentrations  founil 
that  for  fairly  strong  solutions  the  molecular  condtictivity  wa«  not  con- 
stant, but  that  it  increased  as  the  iliUitinn  incrcas-cd.  As  the  solution 
became  very  liiliiic,  however,  the  value  ohiained  for  the  molcniUr  con- 
ductivity for  any  given  salt,  in  j;cncrai,  bccimc  cnnstam.  Thus  in  the 
ca^e  of  solutions  of  potassium  chloride  the  following  tabic  cxiiibits  the 
values  which  he  obtained.  ^| 

The  lirsi  column  contains  the  value  of  the  concentration,  that  is,  th^H 
number  of  grani  equivalents  of  the  salt  contained  in  a  litre  of  the  solu- 
tion (i  gram  equivalent  of  KCW74.4  grams).  The  second  column 
contains  ihe  specific  conductivity  of  the  solution  at  18'  C,  measured  in 
ohms~'  cm.~*,  while  lite  third  column  contains  the  values  of  the 
molecular  ctmductivily  deduced  from  the  values  given  in  the  first  two 
columns. 
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COKDUcnviTy  of  Solutions  of  KCI. 


CQn<vndtir^  in 

GniQ  EtjuivAJenu  of 

KCI  per  Ljire. 

Specific  Condudiiily  in 
Obmi"'  cm."'  ' 

MolcKulu  Con- 
ducliriiy. 

t.o 

•S 
.1 
.01 

.001 

.ODOI 

xnooi 

.3637 

.0977 
.0509 
.01 113 
.001319 
.0001368 

.00001 3S5 
.000001393 

.0879 
.0977 
.■018 
.1113 
.IJI9 
.1268 
.128  J 

■  '=93 

ThU  table  very  clearly  shnws  ihc  inrrr-a^te  of  the  moleculur  conductivity 
X.  the  ililuliun  i^  Incrc-isccl,  and  it  will  1>c  noliccd  that,  wlillc  the  <:i>mliic> 
tivity  of  a  solmion  coninininn  one  gram  c<|itivnlcin  in  ihe  litre  is  00977, 
if  A  *olutiao  of  onc-lcnih  of  a  gram  cquivjlcni  per  litre  is  Uikcn,  the 
condiKnivitf  is  aoitij.  Hence,  while  in  the  second  r.ise  there  i«  only 
a  tenth  of  the  number  of  niolecules  in  the  lulutiuu  to  conduct  the  current, 
the  cotiduciivity,  inMc.id  of  being  u  tenth  of  that  at  the  greater  concenlra- 
tion,  »  0,114.  It  would  thu»  appear  that  as  the  concentration  dccrcoMS 
the  sail  cooducis  belter,  'J"hi» change  i»  explained  on  ihe  ionic  h)potlic»i 
by  Hippotiog  that,  at  the  greater  concent  rat  iuo,  only  part  of  the  loul 
number  of  molecules  of  the  wit  present  in  the  solution  i»  (liiw.ciaicd 
into  ions,  and  so  the  number  of  ionx  capable  <rf  conveying  the  current  is 
less  than  ihc  number  calculated  on  ibe  supposiiion  that  all  the  wilt  is 
ifissodaied,  and  further  that  the  piopanioo  of  salt  tliuociated  increases 
as  the  diluiion  is  increased.  .\«  the  dilution  is  increased,  ihc  molecular 
conductivity  increases,  and  for  very  great  dilution  becomes  prarlically 
coiutaot,  owin^-  to  the  fact  thai  at  great  dilutions  ihc  whole  of  the  salt 
present  if  dissociated.  I  'nder  these  circumstances,  uhen  calculalin);  the 
molecular  conduciiviiy  wcdonol.nt  is  the  case  at  grcaicr  concentrations, 
incliidc  the  undissociaied  inoteculca,  which,  although  they  are  reckoned 
in  the  value  taken  for  the  coocentnition,  f,  are  not  efleciistt  in  the  curreni 
conduct  ion. 

By  a  study  of  the  molecular  conductivity  of  very  dilute  solutions  of 
diflerent  nils  containing  a  cnmmnn  anion,  such  as  poLassinm  chloride 
and  sodittm  chloride,  and  of  simiUr  solutions  of  salts  containing  the 
tame  kaiion,  such  as  sodium  chloride  and  todiutn  nitrate,  Kohltausch 
was  led  to  the  coiKlusioii  ilint  the  masuiftn)  molecular  conductivity  of 
an  elecirulyic  caii  be  cakutatcd  by  addin)-  together  two  constants, ' 
values  of  which  dcpcnil  on  the  nature  of  the  anioo  and  kalioii  resf 
tivcly.     Further,  that  lliese  two  consianu  for  tbe  tons  of  any 
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elcciroljrlc  mutt  be  ptopotlioiMl  lo  ihe  nugrxlwn  veIociii«s  ir  and  r  <i 

thCKMIS. 

To  M«  how  (hi* consequence  foDowi  iram.  the  ionic  ih<!OiT,  wemit 
COItiider  a  column  of  like  ctcctmlylc  of  nhich  the  cross->cction  i*  ou 
'  Bquare  ccnilmcir^  aiMl^ippose  that  the  ditTerence  of  poteniud  betneei 
i  Ihc  ends  of  »  length  iX  ihU  cylinder  of  ono  ocniimetre  is  t  v<dH,  ibt 
specilic  cxmductivily  b«ini;  K.  The  currrat  C  flowing  through  <bt 
liquid  will  by  Ohm'*  lavr  t>e  givco  by  C=eK.  Now-  if  w«  consider* 
paitiiion  acnnx  the  column  of  electrolyte,  and  if  u  is  the  mit.iaina 
velocity  of  the  kation  ami  v  that  of  the  anion,  and  if  A'  is  ilie  nmnbci  of 
nniont  and  of  kations,  respectively,  rnnlaiiifii  in  the  uii!t  of  volume,  the 
niinibcr  of  anions  which  cross  tliis  jMtrtiiion  in  unit  time  is  Nv,  while  ibc 
number  of  kationt  which  cross  in  the  opposite  direction  is  Xu.  Since 
each  bttion  carries  a  char^  of  -I-  >,  and  each  anion  one  of  -  f,  the  total 
quantity  of  electricity  catricd  actoss  the  paciition  in  one  seconii  i* 
(w-f  t>)'^'>  f'X'  >  chard'C  —t!s.v  carried  in  iha  opposite  direction  to  that 
in  which  the  current  is  flowing  U  the  »ame  as  the  passage  of  -f  tAv  io 
the  opposite  direction.  But  the  tulul  <juanlity  of  eleciridiy  which  crosses 
the  partition  in  one  second  is  the  same  thing  as  the  current  C  which  ti 
passing  through  the  liquid.     Hence 

Now  St  is  the  total  rhargc  on  all  the  ions  of  one  sign  within  one  cubic 
CMilimelte  of  the  solution,  and  we  have  seen  on  p.  798  that  the  toial 
charge  on  all  ihc  ions  corresponding  to  one  gram  eiiuivalciit  is  96,sS^ 
coulombs  or  9'iS5  ■■'■§■'■  units.  Hence,  if  the  solution  wc  nic  consicicting 
contains  i  gram  o^uivalents  per  litre,  that  is,  C*-  \o~*  gram  equivalent* 
per  cubic  centimetre,  the  total  chatge  on  the  ions  of  one  sign  iu  1  cc 
will  be  965SxfXlo^\  so  that  A'»=96ss)tcx  iiT*.     Hence 

K+w-   '^  xtc^. 

If  the  potential  gradient  is  one  volt  per  ccntimcire,  so  that  t  is  one  volt 
or  le^  f-K-t-  units,  we  get — 

If 
w+f~  1,0357  X  lo' 

But  Kle'w  the  molecular  conductivity  m.     Hence 

w  (■t""i.ojS7X  itf.M, 

when:  »*  U  measured  in  <^.jt.  units.  If  ni  is  the  molecular  conduaivity 
Dvnsuttd  in  ohms"'  cm.' ',  »inc«  1  ohm  -  10°  t.^.).  units— 


u^v»\x>yiT*\a-hH: 


5  so] 


Jonie   Vtiocities 


Now  u-c  luvc  already  seen  ihai  ihe  inigraiion  conMani  of  tba 
connected  wiili  ilic  migiralion  velucities  by  llie  c<]iiiilion 
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Hcnoe,  knowing;  from  migration  dAla  the  value  of  ihc  ratio  of  the  i-etocily 
of  ihc  anion  to  ihc  sum  of  the  vclociliet  of  (he  two  ioni^  anil  from  the 
conductivity  data  the  value  of  the  sum  of  Ihc  two  velocities,  ttic  atnolute 
v;lIuc  of  ea<li  of  thvse  quantltiM  can  be  calculated.  In  tlie  following 
tabic  a  few  of  the  values  o(  the  iniKration  velotiiies  obtained  in  this  way 
arc  given,  as  well  as  the  data  from  which  they  ate  c»lai!nied.  The 
temperaiuie  is  ig'  C.  and  the  potential  gradient  I  vnlt  per  cm.  The  &r%x 
CoJamn  cont.-iins  the  name  of  the  electrolyte,  ihe  iccond  ihc  ninlcculnr 
COOductirity  for  an  infinilcly  dilute  solution,  in  which  &I1  the  salt  may  be 
ooiuideted  to  be  diuocijitcd,  the  third  column  contains  the  sum  of  (he 
iooic  velocities  obtained  by  inultiplyinK  the  numbers  in  the  second 
column  by  1.0357  x>o"'.  The  fourth  column  contains  the  numbers 
obuined  by  Htttoif  for  the  ratio  of  the  low  of  salt  at  Ihe  kathode  to  the 
total  l(»s,  that  is,  the  values  of  n,  while  in  llie  hist  inx>  columns  the  values 
of  the  velocities  of  the  katJons  and  anions  are  ^iven  as  derived  from  the 
numbers  in  the  third  .md  Ibuith  cultimns. 
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anion  wa>  I 


SufcHanc 

I        ... 

■  +  »■ 
cm.  pec  see. 

■l  +  V 

cm,  per  CM. 

cm.  per  HC. 

KCI.      .     . 

'  ij07Xlor* 

135x10-* 

■^ 

66x10-* 

69x10-* 

HaCl    .    . 

1095     » 

i»3     .. 

43      „ 

70    „ 

ua.  .  . 

1010     « 

loS     " 

.6S 

34      „ 

71    „ 

MH,a.  . 

"97     » 

1,4     .. 

-51 

71      „ 

7I:: 

HCI.   .    . 

3753     " 

^     ,. 

.31 

311      .. 

KNOj  .    . 

NaNO,     . 

«*M     » 

'30     .. 

.JO 

H    » 

S: 

'o*s     » 

108     „ 

.61 

4S     - 

A«NO,.    . 
KOH    .    . 

1360     ,. 

I30       „ 

344    » 

■S3 
.74 

64  „ 

"8i    - 

NaOH.    . 

JI37     .. 

Ml       . 

.84 

35     » 

186    „ 

ll  will  be  teen  that  the  numbers  obtained  for  the  same  ion  from 
diffierent  s.tlts  agrree  fairly  well  together,  the  differenocs  being  probably 
diM  to  irvHCrumicics  in  the  t^aluei  for  the  mit;r>ilian  data.  I'his  is  rendered 
extremely  probable  on  account  of  the  difficulty  of  nrcurairly  mcauiring 
Ihe  hxis  of  Hilt  near  the  electrodes.  Further,  it  is  to  be  noted  thai  tl>c 
migration  data  baveonlybeco  determined  for  comparatively  concentrated 
tolutioitt,  and  that  the  values  of  the  mi^-ration  coiVKianis  seem  to  change 
tGglnly  with  the  concentration,  so  that,  inuead  ol  using  the  values  ; 
in  the  table,  we  ought  to  use  thoM  for  a  ver\-  dilute  sotution,  such  aa 
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employed  iu  deriving  ilw  ntolemlar  conduciivity.  Kob]r»ui«:h  hat  u- 
itNii|)t«<l  to  allow  Tor  ili»clTrci(rfcoivccnlraiiononihc  iTii^-rationconsiani, 
and  ihc  values  for  llic  ionic  vctocitres  which  he  consider  to  be  ibe  nM 
a<cuiate  are  given  in  the  following  ubl« ; — 

VBLOCtTV  or  TIIB  lOSS. 


Kalioni. 

Anioni. 

K     .     .     . 
N.  .     .     . 
U     .     .     . 
H    .    .    . 
Ag  .    .    . 

66xier*an.per»ec 
36       »             H 

S7      T, 

a  .  .  . 

NO,     .    . 
OH.    .    . 

69  X  io'*ctn.|jc*«ec 

Direct  expcrimcnuil  measuiementi  hai-e  been  made  of  the  vefocitin 
of  same  iuni,  nn<l  ihe  results  obtained  n^\tK  with  Iboie  given  in  the 
nivjvq  t:il>lc,  a»  calculated  from  migmiion  and  conductivity  data. 

MS.  Tbe  lonlsatlon  CoefSclent.  -On  the  diuodmion  ihcofy,  (he 
explanation  of  ilic  increase  of  flit  niolcr.-ular  conductivity  witb  (hedUution 
ii  iliat  more  of  ihc  molecules  of  the  Mtlt  hccome  ditsociate<d  into  iont  &« 
the  dilution  increases.  If  a  is  Ihe  fraction  of  the  total  number  of  innlf- 
ciilcK  of  the  sail  present  which  have  become  diHociaicd  ai  ilie  (."iven 
concern rmion,  then,  sincn  ii  i*  only  the  dissociated  molecules  nhlch  c»n 
conduri,  ii  follows  ihni  (be  molecular  conductivily  at  any  given  toncen- 
irniinn  mutt  he  lo  ilic  molecular  condncliviiy  at  infinite  dilution,  when 
all  ihc  molecules  arc  diiiociatcd,  as  the  number  of  molecules  actually 
dissociated  in  ihc  tohition  considered  is  to  the  total  number  of  molecules 
in  the  solution.  Hence,  if  m,  is  the  molecular  conductivity  when  the 
concentTatioii  i*  (  and  i«„  the  molecular  conductivity  for  an  in&nitcly 
dilute  solution,  , 

The  <|uanlity  u,  which  expresses  on  the  dissociation  theory  the  fraction  c4 
■he  number  of  molecules  present  which  exist  in  the  solution  in  the  ionic 
condition,  is  called  the  ionisntion  coefficient  or  the  dissociation  roctlicienl. 
Now  according  to  Vnn't  HotPs  theory  of  solulicms  the  osmotic  pres- 
sure (S  i6j)of  a  given  solution  is  proportional  to  the  number  of  molecules 
present  in  the  solution.  Suppose  that  jV  molecules  of  potassium  chloride 
arc  dissolved  in  1  cc.  of  wnier,  then,  if  none  of  the  molecules  become 
dissociated,  the  osmotic  pressure  ouKhi  to  lie  proportional  to  jV,  If,  how- 
ever, n  of  the  molecules  of  KCI  become  dissociated  into  the  ions  K  and 
CI,  the  niimbci'  of  molecules  present  will  be  (.V-a)  nndit.srKi.ited  mole- 
cule* of  KCI  together  with  in  ion*.  Hence,  if  we  suppose  that  the  effect 
of  each  of  iho  ions,  into  which  the  molecule  is  sp1i<.  in  producing  the 
oitmoiic  pressure  is  the  same  as  that  produced  by  one  of  the  undtssodated 
molecules,  [he  osmotic  prc&sure  will  be  proportional  to  A'4-m^    Thu^ 
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t)'  (lelcnninmjf  first  the  osmolic  pn^siutc,  p,  producpd  when  N  molecules 
of  Muuc  body,  mcb  as  sufRr,  which  is  not  axt  eleciroiyie  and  hence  is 
not  dUsociatcd,  is  diuolved  in  unit  tDluine  of  wnicr,  and,  secondly,  iIm; 
osmoiic  pressure,  /',  produced  when  the  Mime  niiinber  of  ntolecules  of 
an  clectrolyle  is  dissolved,  we  cad  calculate  ilic  ratio  of  Ihc  nunibci  of 
molecules,  n,  which  aio  disMciatcd  to  ilic  t0i.1I  number  of  molecules 
pteseni.  that  is.  cutcuUic  the  ionisaliou  coelTicieiii  n.    Thus 


f 


'  ir'- 


or 


I 


tn  the  Mune  way,  from  the  comparison  of  the  depression  of  the  freeunji- 
poinl  (S  izj)  produced  by  A'  molcrules  of  a  non-elecirolylc  with  thai 
produced  by  the  same  number  of  molecules  of  an  clectrolyle  wc  cjin, 
making  the  s.imc  luppusiiinn  a«  10  each  of  ihc  ions  of  s  dissociated 
molecule  produdng  the  same  depression  as  an  iindissociaicd  molecule, 
calculate  from  such  ob<<'r^  Ations  the  value  of  the  iontsation  cocflloent. 

In  the  fotlowini;  table  Uic  values  of  the  iouisaiion  coeflicienM  M 
obtained  from  these  enlitely  difiieienl  data  arc  given,  and  it  will  lie 
noticed  that  (he  agreement  of  (he  numben  obtained  in  the  various  ways 
is  on  the  whole  very  fair.  Whether  u«  accept  the  diMociation  hypothesis 
or  not,  at  any  rale  ib»e  numbers  show  that  there  inu&i  be  &ome  intimate 
relation  between  ihe  cause  of  llie  touduclivily  of  eleclrolytev,  (he  depres- 
sion of  ihc  fre«iin][-poin(  and  ibe  osmotic  preuure. 
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!0MI5ATI0N   COKFflClEXTS. 


Subataacc 


HCI 


H^O. 


KOil 


NaOM 


NAfCO,  . 


Concoiiraiion 
(inim- Molecule) 

CuefficUmt  lit  loniiaiion  Deduced 

ftom 

from  Drimswon 

per  Llliu 

ConduclMry, 

tA  Freeiine-PDlnt 
0.98 

i 

"  1 

a0O3 

IJX> 

aoi 

099 

0^96 
0.69 

( 

0.1 

«*t 

I 

aooj 

OlOO 

a86 

•    ■ 

aoo5 

0.84 

( 

0.05 

063 

a6i 

( 

OlOOS 

1.00 

0.98 

■    ■ 

aoi 

099 

0.94 

ag. 

0.9I 

I 

0.1 

OOOJ 

a93 

.              , 

CUJt 

099 

aSS 

ao; 

OL90 

aooj 

aoi 

a9& 

-k 

0^005 

Ob86 

^96 

1 

CkA$ 

a6s 

'^73 

1 
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£44.  Polarisation.— If  nn  elccirnlytK:  cell  is  prc-pnrvd  ctmbuni^t 
sotutiao  ii\  •.iilpliuiSc  ULiil,  the  electrodes  iKing  r.onijiOM-d   of  pblk^ 
plate*,  and  this  cell  ftod  ■  galvuiomcier  arc  included  in  a  circuit  tofctbo 
with  n  toutce  of  E.M.F.,  ibe  following  plicnnmcna  u-ilt  occu«.    If  tbc 
E.M.F.  of  the  iMiicry  U  1e»s  ihftn  ^Uwut  t.7  volts,  on  cloning  ihe  ciraui 
the  K^lviuiomcter  will  iiulicilc  that  a  current  paascs  in  ilic  circuiL    Ite 
strength  of  the  current  will,  Iinvi*Ter,  rapidly  tkdine,  till  after  a  Jiort 
lime  only  a  very  minute  current  will  continue  to  pass.      If  lite  K.M.F.rf 
the  battery  is  greater  than  1.7  volts  the  oiirent  will  decrease  to  itre^jA 
for  some  time  after  tlie  closing  of  the  circuit,  hut  it  will  never  bccooM 
evsncKcnt,  as  wii*  tlw  case  *lien  the  E-M.K.  was  below  1.7  volta.    I( 
after  the  p;is*a(^  of  a  eorrenl  ihroujjli  the  eIccttol>lic  cell,  the  baiteir  » 
reino\-ed  and  the  circuit  completed  by  jcHniiig  togetlier  the  cik1»  of  tbr 
wires  which  were  coiine«:icd  to  the  pii1e«  of  the  battery,  o.  currvm  «ri)l 
pM«  mund  the  circuit  fnr  some  time  in  the  opposite  direction  to  that  bi 
which  the  current  f^rni  frnm  the  battery  piuMd.     Thus  the  plates  c* 
plaiimitn   immersed  in  the  cleclrolylc  po«*CM  the   power   not    only  of 
practically  flopping  the  pjtsuige  of  a  current  in  a  circuit  in  whtcfa  the 
E.M.F,  is  less  than  1.7  volts,  that  is,  ate  capable  of  c\ertini[  an  E.M.F. 
in  the  opposite  direction  to  that  which  is  duo  to  the  battery,  and  » 
of  preventing  the  pa»»at;e  of  a  current ;  but  alto  tins  opposing  E.M.F. 
continue!  for  lomc  time  after  the  removal  of  the  cxicrnAl  E.M.P.  so  thM 
the  clcciTi>des  nrc  able  to  ecnd  a  current  through  the  circuit-   Thin  pheno- 
menon is  called  pnl.-irisatton,  and  the  e1ccirodc5  are  said  to  be  pr>IaiijeiL 
If  a  cutrcnl  is  passed  through  an  clt-ctralyiic  cell  coniaininj;  dilute  wl- 
phuric  acid,  and  in  which  the  elecimdes  ate  of  pi;ninuni,  and  the  E.M.F. 
between  tlie  elecirudes  is  me^iured  immediately  aficr  ihc  removal  of  the 
external  E.M.F.,  it  will  be  fuund  to  be  1.07  vntis,  the  anode  being  at  t)ic 
higher  potential. 

It  nitiiit  be  noticed  that,  although  according  to  the  ionic  hypnihesia 
the  ions  exist  in  the  elecitolyic  in  ilic  dissociated  comiition,  it  does  net 
follow  ihiit  no  work  hits  to  \x  done  to  liberate  the  ions  from  tlie  sohition. 
In  the  solution  each  ion  has  its  appropriate  charge ;  when  the  iun  s 
liberated  at  Ihc  eJccirnile,  however,  this  charge  has  been  temoved.  so  Ibal- 
the  condition  of  the  hberalet]  ions  is  quite  difiTerenl  fiDm  that  uhen  thnj 
were  in  the  solution.     If  wc  assume  that  the  hydrogen,  say,  as  it  is  given  f 
otT,  consists  of  molecules  each  containing  two  atoms,  these  nioins  being  ' 
held  together  by  chemical  forces  so  as  to  form  a  coinpovmfl.  containing, 
however,  only  one  kind  of  clcmtTiI  ;  then  if,  as  seems  prob.ible,  (heiiiica! 
combination  really  consists  in  the  holding  together  of  the  atoms  by  the 
electrical  forc«s  in  play  between  (heir  charges,  we  are  led  to  iht  ntfessiiy 
for  supposing  tliat  tbc  molecule  of  hydrogen  given  off  at  Ihe  kathode 
must  consist  of  a  positively  charged  atom  and  a  oegalively  charged  aloin. 
Hence  in  the  process  of  elcctrolysii,  while  one  hydrogen  atom  tBiains  its 
poailitv  charge  the  oilier  loses  its  positive  charge,  and  takes  up  from 


llic  kathudi;  an  equal  nc|falivc  charfic,  and  the  iwo  conibinc  to  form  a 
molccuk  of  n«utt!il  ti)  drogcn.  As  far  as  il>c  passxgc  of  electricity  tlin>U);h 
tlie  cleciiol)-tlc  ctll  is  coneeriicd,  the  yivin^  up  of  its  i>ofiitive  eharKc  to  the 
kathode  by  a  hydroRcn  ion  is  exactly  the  same  ihing  as  mhinj;  an  e»iiift! 
negative  charge  from  the  kathmlc,  »<>  ihnt  nlihouKh  nil  ihc  hydrogen  ions 
do  noiloae  their  charge  when  ihcy  arc  lilicratcil,  as  we  have  tacitly  assumed 
ia  tlie  pteceding  pages  the  quantity  of  electricity  u-hich  pasMrsi  ihrou^'h 
the  cell,  while  a  given  number  of  H  ions  are  liberated,  ii  the  same  as  it 
would  be  if  all  ihc  H  ions  gave  up  all  ihcir  charges  to  tlie  kathode; 

The  eiplnnalion  of  the  fact  that  the  polariied  clccirodcs  arc  able, 
when  the  E-M.F.  sending  a  cutrenl  ihroush  the  cell  is  removed,  to  send  a 
current  thiouuh  the  circuit  in  the  rci-cr»e  direction,  is  that  the  gases  pro- 
duci'd  at  the  electrodes  are  not  enliiely  liberated  and  given  off,  but  that 
the  plaiiniun  absorbs  a  certain  quantity  of  the  gas.  On  tlie  removal  of 
the  E..M.K.  ibit  abtioibed  gas  tends  to  return  into  the  ^olutiun.  and  each 
ionoTihekaiion,  when  it  leave*  the  kailiude,  becomes  cliarBcd  positively, 
while  each  anion  ax  it  leaves  the  anode  is  negatively  charged.  Thus 
positive  eicclriciiy  is  taken  away  from  the  kathode  and  negative  fTom  the 
anode,  and  hcncein  theextrmnldrc-uiiconnectintcihedcctrodesacurrcDt 
will  flow  from  the  anode  lo  the  kalhode,  that  is,  in  ihc  reverse  direciioo 
to  the  origina!  current. 

There  are  two  distinct  efiects  which  are  in  general  included  under  ihc 
lenn  polarisation.  One  of  iheie  n  the  back  K.M.F.,  which  must  exist 
when  chemical  de«ompo*iiion  is  bein^  perfonned  by  ihc  current,  in  order 
that  the  requisite  amount  of  energy  nviy  be  supplied  hy  iheciirteiil-  The 
other  is  an  effect  due  to  the  accumulation  of  the  products  of  the  de<.um- 
posilion  on  or  near  ihe  eU-clrodes.  Thus  in  the  case  of  ll:e  electrolysis 
ot  dilute  sulphuric  acid  beincen  unplalinried  platinum  electrodes,  the 
polarisation  K-M-T.  amounts  to  about  1.7  volts.  I.e  Ittanc  has,  however, 
•hown  Ibat  if  pUtiniscd  electrodes  arc  employed,  water  tnay  be  decom- 
posed with  AR  E.M.F.  of  only  1.07  volis.  When  un platinised  electrodes 
are  uwd  the  gases  are  evolved  in  Ihc  form  of  bubbles  which  fbnn  on  the 
plates,  and  it  would  appear  that  a  certain  amount  of  work  bas  to  b«  done 
in  producing  these  bubbles.  With  platinised  electrodes,  on  the  other 
hand,  a  much  larger  quantity  of  the  gases  separated  by  the  passage  of  the 
carmt  will  not  be  liberated  in  the  gaseous  form,  but  will  be  absorbed  b\- 
the  platinUDK  and,  in  addition,  the  numerous  small  points  which  are 
present  on  the  platinised  surlace  sccni  to  facilitate  the  cvohition  of  the 
injbblei.  Hence  we  arc  led  to  the  conclmion  that  1.07  volts  represents 
theK.M  F.,  which  corresponds  to  the  chemical  work.'  that  is,  ihc  splitting 
up  of  the  cbcniical  compound  tliat  forms  tlie  electrolyte,  which  is  done  in 
the  cell,  wliile  the  greater  value,  1.7  volts,  which  is  ncceuary  In  produce 
decomposition  when  unplaiinised  plaimum  electiodes  arc  employed,  is 

t  W«  iImlII  mum  lo  llw  utTrci  of  Ihe  oonnectian  Iwimca  iIm  lwU.f.  uiil  Ifai 
nquired  to  perform  the  ehcmiotl  wcrk  In  |  j5tL 
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o  be  doce  u  the  eleei 

-^i^f  :h«  liberated  p 


•-■i  -:-  -.  .i.-j.iZ.:c  -i  iso  =*e»£  ~  j-^;  another  ser.ie,  i 
:  -i^:  :i  J.t  r^is:i=-;i  :c  li  t:«c=^XT:>r  celL  c:;e  !0  the  ar 
;.:.T.:  is  :t'  ;■_'  ti.  -  *£Mrt  ::  "-^.^  tec^r-.Tdts  i-irrjally  dimitiiihl 
i*.-   .;  n -.:-     ;;-'i —C'l:-:'-. iiibeocei3-::T«aie the tes:stance, 

";  1  -.f  :'  w.-^t-i^.-i  =1::  KKiiri  e»t\n  as  thfs  a  :nn>i:ion 

.-—1::  li^j.T      ij.:  J.  :.M  ;3:c-=:  ■::  ;h*  mirrec:  passi::^  by  i\. 

:i  ■.■.:-•  .^z--.   :-.--:■;  i-:'i:.l-— ■■■'■  ^"<  »»***  liberated  in  :he  el. 

:  ■;    .;;_i:3.:ii  :c-ie  ^i*« -7  — e  tlecrrodta.      So  thai  if 


!  errecss  :;s  ^-a^se  is  most  i: 

::-:.;  :-•<  ::  :--s  t--rr:T::7f:s  :•»  s."~.>=ci  copper  su!pha:e 

:  ;■    -.::■:     .-   -..-it:  ^i  l^-s  «r9«r  c«?«:;ev£  on  :he  kathode 

r    .      -  1-  i:,i   "r^  i:::o=7:,-dzr:^- .-tffpeTSuIphaie.      Hence! 

.:!.-.  ;-:  !-: -,    t.'  :h  :;  r*;>ne-i  -.j  *=:;;  y?  the  saJt  is  regatw 

■-■.i  -  .:"  iJL  ■^;_-:  -.lii  c:  li*  si::  a:  the  acode.  so  that  no  ■ 
,  ':<  ^--i  :  ■  :L-;  ;^7t^-;  :-  jr->iuc-.-^  cbcmicaj  eoer^'^- of  se 
■  ■;  ;•■,.  i  -.'ztr::-:  i\z'^-~  :>i:  :=  ;'-.  *  ca*e  there  would  l>e  nc 
•;.'".  ■-■  ;■"  T".-  i.-ii;  :^  ■*>.  :'-  u  1  Eiatter  of  fact  is  found  to  be  1 
■^        i-    .»--■;-.  is:  -■..-->--::r.;jyphire:se!ecro:>-set;be!weencl 

-  :  -:  -'-t.-i  .;  -.-  7.:  J.- si:  :^     W"he=  there  is  no  poTariiation.  tl 
.-:■;     ■  -.-<  -.-.-■  i  ■.«:  -ei-  -.^-.i  e;e;:r;^e*  c-rlr.iT  the  pa=saj;c  of  a 
!   ;-;-■_  ■.     :"-;  7-:-i-::  c:  ■-'•e  ourrer.:  ir.-.o  the  rciistance  beta 
i  :-.::■.■.;;*  i.;.rir^  ::  Ohn-.*  liv.     It.  however,  there  is  an  r 
':..'■'.  y     ;:  y.' v-iij:  :z  .'  de-.-elopwi  »r.e:i  a  currenc    C  is   pas 
■v-?:..- .;  .:■  ■.'.';  ti-rr-'-.t  bi-~-et:i  the  electrodes   belrii;   A\ 
1.  ■":■  -   i  ■  :'-.::■;  ■*  .,  :t  i  ^.fTerer.^e  of  p-i;en:ial  between  the  pni 
:-.■   i'-.- .:--■">-.;  r.^^r  :>.e  ir.xie  ar.d  kathode  respectively  j;ivi-n 
;■-:  -.s  :-  t,-.,j  CAS*  the  di^rertrce  of  potential  between  the  e/r,/r, 
l«  j;y-tr,  Vv  ."  =  .V-"— ^,  50  :'-..it  C=  '.'{  ~fi  R.     Hence,  when  we  ; 
i\Ltr.T.^  '.'r.i  jviisa^e  of  a  current  between  the  electrodes  in  a  iri-l 
p.'l.ir-?^:- ?r.  ..wurs.  the  app'ied  E.M.K.  must  be  reduced  by  the 
o:  poarii-iiii.!:;  in  PTiier  to  calcu'aie  tlic  current,  accordinj;  to  Ohi 
{toiw  the  rcs:;:ar,>:e  01  the  cell. 

The  measurement  of  the  polarifalion  produced  by  a  };ivon 
n-jst  be  (tiaile  very  quickly  after  the  removal  of  the  exierr;il 
wb:;h  wa*  sendiuf:  the  current,  for  the  mannitude  of  the  p-i'.i 
E.M.r.  f.i"s  rapidly.  The  evperiinenl  may  be  perfornieil  liy  iin 
the  arrnnjieinent  shown  in  Fij.'-  51".  The  clcctmdcs  of  the  i-Ii-t 
ciU  C  arc  cnnnected.  one  «iih  the  stem  of  nn  insul.ilcti  lulling 
and  ihc  mher  wilh  one  pole  of  a  Iwiltrr^-,  and  «ith  one  of  ilic  j 
ijuadranis  of  a  quadrant  electrometer.     The  other  pole  of  ihr  batti 
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Olbcr  qiiadrsnH  of  the  <;!c<lramcier  are  conn«<^icct  to  t«xt  small 
iiry-cvps,   a  Hdd   h.     Two  plaimum  wim   arc    aiiactied   to    tbu 

riKB  o'  <l^  I'"''  i"  well  A  way 
Hal  when  tlw  prongs  ncwc  towaiijs 
wit  anirtlier  <mc  wire  dijii  into  Ui« 
mercuty-cup  b,  and  caonccts  the 
ckcirolytic  cell  wiih  the  battery, 
while  wlicn  ihe  prnnni  tiioi'c  jiii'ay 
from  each  other  the  wire  attached  10 
one  pron(>  iiwith^ltawnfioni  ihc  cup 
t,  ubilc  that  attached  to  i1i«  other 
is  dipped  iiuo  the  mp  d,  and  hence 
oonnccu  the  clectrolytk  eel!  witli 
the  cIccltDmcter.  Tltu*  at  the  fort;  Tibraics  ihe  electrolytic  celt  is  a!ter> 
oately  conticcinl  with  ilir  liatiriy  and  nith  the  cleclioineier,  and  from  iiie 
defleclkin  of  iheelcciiomcirr  the  E,M.F.  of  pulariiatioti  can  be  obtained. 

As  the  F..M.F  of  the  battery  U  incrvatcd  it  is  fbuikl  ilixt  at  tirvt  the 
potarisaiiion  E.M.K.  iitcreases,  and  ii  almast  eiiactly  equal  to  tii«  E.M.F. 
of  the  b«llcr>-.  As  tli*  primary  K.M.I-'t  howci-cr.Keti  larger  die  polatisa- 
lion  E.M.F.  rncreascs  more  ilowly,  but  rcfrni  cxpeiimenti  seen*  10  show 
ibal  it  goes  on  !nc:rr-aiini;  vrry  iilit;htly  even  after  the  piinui'iy  K.M.F.  Ii.-i« 
reached  KUrh  a  value  that  an  iiirpmiabtc  current  will  pass  thmugh  the 
cell,  so  that  no  dciinite  maxiii\uin  of  potariiation  can  be  said  10  exist. 

A  phenomenon  wbkh  i*  iniimaicly  iclat«I  irith  that  of  polarisation, 
and  which  lu»  already  been  referred  to,  U  the  minimum  E.M.l-'.  rtqiiiicd 
lo  prodiKe  conlinuoux  decampoiition.  This  F..M.K.  muM  of  CO«r»e  be 
greater  than  the  polariutioo  E.M.F.  for  the  cflrropomliog  ciirrcnt,  for 
otherwise  no  current  would  pau  ihrouglilbc  cell,  and  hence  no  eootinuau* 
decotnpiMiitina  would  lake  place. 

Numerom  experiments  on  the  minimum  E.M.F.  requited  10  produce 
conitnuous  dec<mipo4)iioii  have  been  made  by  Le  Ulanc,  and  some  ofihe 
values  he  luis  obtained  for  aoluiiuns  ooniaininK  I  gram  equivalent  per 
litre  are  [{iveii  in  ilie  following  table  1— 


Sidinfanar 


Zn.SO.   . 

AcNO,  .' 
CdlNtW 
CdSO,  . 
CdCI,    . 


MinuniiD*  E.U.F. 
,    Inr  C<nllniUM> 
IMompiiilioo. 


1.35  volt*. 

1.80  „ 

i-Ss  .- 

Q.70  .. 

1. 98  .. 

1-03  » 

1.7B  . 


Sniiillonol 


HNO,  . 
H,PO,  . 
HCl  .    . 


UMnianE.M.F. 
teConiiiuKM 
t>f«oniposllk« 
(UnptaliRiMd 

1.69 
1.70 
1.3 1 


Magnetism  and  EUetricify 

It  will  be  noticed  ihnt,  in  UiecaMofaciih  which  onclectrolj-Msci'dti 
liydrogcn  at  the  kathode  and,  oain^  lo  sccoRdary  reacrions,  ovfgra  I 
the  iinodc,  (Icrranpotilion  «urli  «ith  a  pulvattal  ditrcrcn4.-e  of  t.;  vott' 
ExpcriirK-nis  on  (be  ii>tliicnc«  of  (he  cooccntnulon  of  ilic  »oIulionK  no  ik 
ntinimuuk  E.M.F.  n^fuirot  lo  produce  continuom  decomporuiion  htnt 
shown  that,  in  (lie  caie  of  solulions  of  acidi  where  the  value  U  abotn  1.7, 
lliis  vnluc  is  praciically  indepeniknc  of  the  concentration.  In  the  caw  i' 
such  aod«  as  hydrochloric  acii},  bow«ver,  where  the  i-alne  is  coraMerabl; 
below  1.7,  the  mmimuin  E.M.F'.  increaw:*  ai  the  dilution  is  increased,  an^ 
nppnMchet  ilie  value  1.7  for  very  gnuy  dilution*,  ti  i*  of  rnlcreit  to  noif 
thni  in  a  very  dilute  solution  of  HCI  the  pa*  liberated  a(  the  anode  i*  no 
Irjn^'cr  chlorine,  but  ihal  a  wcondar)-  reacTran  lake*  place  and  ox}-gen '» 
evolved  :  *a  that  at  these  great  ililiiiioni  the  eleclrolyiiit  of  HCI,  as  of  ibt 
other  acidR,  involves  the  ev.)tuiion  of  II  and  O,  and  under  these  circwn- 
stance*  th';  minimum  E.M.K,  is  the  «me  ToralL 

544a.  Heasurement  of  the  BcsIsMnoe  or  Electrvlftes.— As 

has  already  been  pointed  out,  when  ine^sutiii^;  the  resistance  of  an 
electrolyte  it  is  in  general  qui  *uf)icicDt  la  mcaiuic  the  difference  of 
potential  E  between  the  clcciTodet  when  the  electrolyte  is  traversed  bya 
Ifiven  current  C,  and  then  deduco  ihc  value  of  the  rcstuance  from  (ht 
relative  /{"£;€,  the  teawn  being  that  psrt  of  the  E.M.K.  £  a  em- 
ployed in  overcoming  ihe  pobrixalion  at  the  clcdrcdM.  The  moM 
usual  manner  o(  overcoming  this  difficully  is  to  inrlude  the  electrolytic 
cell  in  one  arm  of  a  Whcnttionc's  btidRe,  the  electrodes  hcin|;  so  diotrn 
as  to  reduce  the  polarisation  to  a  minimum,  and  to  use  an  alieraatinK 
current  on  the  bridge.  In  order  to  supply  this  aliematinK  current  a 
small  induction  coil  {%  524)  is  crnploycd,  the  sccondaty  of  the  coil  hcing 
to  the  termin:ils  of  the  bridge  to  which  the  battery  is  usually  connected. 
Since,  when  nn  aliernaiing  current  \»  employed,  ihe  current  which 
traverses  the  K^'^'anonicicr  branch  when  the  bridge  is  not  balanced  it 
also  alternaiinx.  an  ordinary  galvanometer  CJmnot  be  employed  ;  ibe 
reatini  being  that  altliougli  the  lirid^  may  not  be  balanced,  yet  the 
gnlvsnometcr  would  be  undcflectcd,  for  it  vould  be  tt:ivcned  by  a 
current  first  in  one  direction  and  then  in  the  other.  Hence,  sinc«  the 
peiiod  of  the  pilvftnomeicr  needle  has  to  be  much  j.Tcalcr  than  the 
period  of  the  alternations,  before  llie  needle  lias  time  tu  move  appreciably, 
under  the  influence  of  the  current  in  one  ditection,  the  direction  of  the 
current  is  reversed,  and  thus  the  motion  is  cliccked.  The  usual  arrange- 
ment is  to  replace  the  (lalvanonieler  by  n  telephone,  anti  10  move  the 
point  of  contact  on  the  slide  wire  of  ihe  bridge  till  the  telephone  is 
silent.  ^V)1cn  this  adjustnicnt  is  made,  no  alternating  current  is  passing 
throu^li  the  telephone,  and  the  ordinary  rclution  between  the  tesisiances 
of  the  bridge  holds.  In  order  that  complete  silence  may  be  secured,  il 
is  important  that  none  of  the  resistances  forming  the  bridge  should  have 
either  self  or  muiiial  indticiion.  This  method  of  measuring  the  resiRancc 
of  elect folytcs  is  known  as  Koliltausch's  method. 
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CONTACT  F..M.F.ASD  THE    VOLTAIC  CELL 

&46.  Contact  Eleotriflcatlon.  — If  a  metal  needle,  a  (Fig.  y<)\ 
having  ibe  »hapc  of  huif  a  ijiudrant  clcctmnictcr  needle,  \s  suspended 
Uy  a  tine  wire  ta  a»  lo  be  able  la  turn  iibnut  a  vcnicnl  Axis  thnitigh 
B^  just  above  tii'o  niclal  scmicitclcs,  one  of  which,  Z,  it  of  iinc,  aiid  the 
Other,  c,  of  copper,  ihcn  on  dccinfying  the  needle,  if  it  is  STiniiietrically 
airat^jccd,  no  deilcc^inn  «'ill  orciir  if  the  linc  and  copper  are  buulated 
live  one  from  ihc  other.  If.  however,  the  linc  and 
copper  are  put  in  coniaci,  cither  directly  or  ilirougli 
a  conduciing  wire,  the  needle  oil!  be  ikdecled.  If 
tbe  De«dle  is  chacgL-d  wiilt  positive  electricity,  the  dc- 
6cction  »in  l«  auay  from  ihc  zinc  and  lonardi  the 
copper,  thtit  indiciting  ihnt  ihc  linc  is  at  a  higher 
potcniial  than  ihc  copper.  This  ditTeicnce  uf  poicn- 
liat  bem-ccn  the  linc  and  copper,  a*  indicaicd  by  the 
chatted  needle  jnupendcd  over  the  itu^tats,  is  said  tu 
be  due  to  conlact  ekclriiicaiian.  The  magnitude  of 
the  conLact  (tifierence  of  pounliat  doci  not  depend 
OR  the  time  the  mctalt  arc  in  roniacl,  nor  on  the 
area  of  the  surface  of  contact  ;  it  do<rs  however 
depend  on  the  nniiire  of  the  nietaU,  both  chetnical  and  physical,  and 
on  the  tetuperature.  The  nature  of  iho  surfaces  of  the  nictats  which 
are  exposeil  lo  the  air  also  has  an  iuiponani  beaiini;  on  the  in.<j;ni- 
tudc  of  the  conlaci  itiffcrence  uf  pciieniial.  A  list  of  the  inctali  can 
be  dniwn  up  such  thai  any  meial  in  ihe  list  when  put  in  contact  n-iih 
any  of  the  following  nielaU  is  at  tbe  higher  polential,  but  is  at  the  tower 
poicniial  when  put  in  ooncact  with  any  of  the  mctaU  before  it  in  tbe 
li»l.  The  foltovint;  in  xurh  a  list :  Zinc,  lend,  tin,  iron,  copper,  silver, 
gold.  Ttiis  list,  which  na«  lini  fii'ivn  by  Volta,  who  diioovered  the 
conlaci  effect,  is  called  V'olia's  series. 

If  ihie«  metals.  A,  B,  and  C,  arc  put  into  contact  in  pairs,  the  dilTer- 
enoc  in  puieniial  between  any  two  is  equal  to  the  algcbmic  sum  of  tbe 
diffbrrncc  in  potenlta]  proflucei!  by  llie  contact  of  each  of  the  inetala 
wilh  the  thinl.  Thus  suppose  the  ditfcrence  in  potential  produced  by 
the  contact  of  A  and  //  is  /,.  while  that  belu-ccn  If  and  C  is  fi^  Iben  the 
dMeimctt  of  potential  produced  by  the  contact  tJ  A  and  C'\%p^■^^ 
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ii.  '.ie  iij^r  !«■:«=: 


T^$  '^v  can  be  very  deirijr  exhibited  by  means  oT  di 
" '"  '^  ?«ei;ii:  «  i  aieu:  U  represented  by  the  faei'glit 
.^K.  . ::if  1=  -.T.-e  e^se  of  she  three  metals,  tin,  copper,  ai* 
i:S.-«:oe  ;:  ^ceciLiI  beivcen  tin  and  copper  is  0,5  voirs,  th< 
l»=w-  ii  we  take  i  cm.  to  repiesent 
:'pr=»r.j:-es  i.JU  F:^-  skx  soch  that  the  height  of  tb 
*=*:"«  -=  "5  ^-  i^-»"«'  tl'-an  *l>at  of  the  copper  rectangle. 
:ere=«  iz:  pxent-j;  bc»«en  tin  and  iron  is  0.3  «-oIts,  so  th 
rt-.-ir-jle  Vi=i  cn«n  the  same  height  as  before,  the  iron 
»-.;  >  -\3  .T-_  :^>«r.  as  shown  al  ;.*).  The  difference  ir 
■:*:»eec  :he  •n.-^per  and  the  iron  will  be  two-tenths  of  a  v 
:~e  r»r--i=^-e  v>r  -Jtc  copper  is  diawn  of  the  same  height  as 
n^-tir-j;:*  repreiec;:=5  :be  iron  will  be  0,=  cm.  higher,  that 
Si  o:  :"-i  i«i— e  tei^b:  as  ia   r'l. 

If  ««  Li-j£:::e  :he  copper  and  the  iron  both  put  into  coi 
;><  u^e  J-;*!.-*  of  tia,  then  it  is  at  once  endent,  fmni  a  con 
o:  r".;.  5^'  J.  ;hjt  the  o-ifcrence  ia  potential  between  the  a 
->e  VT.  ■?  ;he  sar:e  as  j:  is  when  the>-  are  pot  in  direct  conta 


m  m  ffi  EtE 

(a)  (6)  (c)  iU) 


-.he  ^.rcn-nce  -.n  the  po;cn;ial  of  any  ih-o  ineials  is  ihc  s.-tmc. 
;hcy  are  pu;  in  liirect  contact  or  whether  they  are  joined  !iv  1 
,»  sirf  lOinposrd  of  another  metal. 

It  iV'i^oKS  from  the  above  lav  that  if  we  arrange  a  circuit 
the  p.ir;s  are  of  diiTerenl  metals,  but  the  lirst  and  last  nietals 
sa:ue,  then  there  will  be  no  I'.ifferencc  in  potential  between  ll 
(yirtions. 

If,  however,  the  first  and  last  nietals  are  dilTercnt,  say  .( 
the  d:tfeten>.-e  in  putcntial  between  these  metals  bL-ing  /,  then 
ti'reni.^  in  potential  between  (he  end  met.ils  will  be  equal  \o  p,  : 
they  .ire  connected  together  by  other  metals. 

It  miirht  M  first  sii;l>t  appear,  since  we  have  two  mct.ils  .-I  j 
;i  liiiTerenve  of  potential^,  and  that  owing  10  the  contact  dilTe 
(■otenti.il  they  are  kept  at  this  constant  ditference.  that  on  connc 
and  .■.'  by  means  of  a  wire,  a  turrenl  wouk!  be  set  up  in  ihi^  » ire 
hiiwever,  is  not  the  case,  for  suppose  we  alicinpt  to  connect  .1 
hy  a  wire  of  the  metal  A,  then  the  difference  of  potential  let" 
end  of  this  wire  and  the  metal  H  is  p,  but  when  ilie  wire  mij 


to  tlie  contact,  a  <tifren»ioe!  in  pnteniial  of  p  will  b«  developed  at 
IP  jxiint  of  canlaci,  and  this  difference  of  potcntiiil  will  prevent  ilic 
^  difTercncc  of  potential  which  cxitK^beiwmi  ilir  melnlK^f  niiil  ^,  (bmiiiis 
f  the  end  of  the  chftin,  forcing;  electricity  (lir>-iuj;h  the  wire.  The  Miae 
^  can  )>c  shown  lo  be  true  uhaiet'cr  the  n.ttufc  of  t)ic  wire  by  uliich  A 
aiiil  B  aii;  JoHicd.  m>  that  by  no  arran^einciil  of  tnetalii,  alt  at  lli«  same 

ipcrniuie,  can  wc  obiatn  a  current  in  a  dtcuil  which  U  composed 

hsively  ofnieials. 

The  cue  when  we  are  dcalinjc  wilh  the  contnci  difTerencn  of  polen- 
bet««en  tiijuids,  or  betv«cn  mciaU  and  li(|md>,  it  hon-cver  quite 

:rent.     Thui  uhen  cupprr  is  in  rontACI  vilh  n  tohiiion  of  siilphuiic 
id,  the  copper  is  nt  the  higher  pMmnal,  while  liiK,  which  i»  at  the 

[Iwr  poieniiiil  when  in  contnci  with  copper,  ouglil,  if  the  li<iuid 

laved  as  a  nvrinl  uy)u)d,  according  to  iltc  abm*c  law,  to  be  at  a 

;li«r  polcnttal  than  ih«  «uJphunc  aci<l  Mtuiion,  iiMcad  of  wbicli  it 
_  at  a  lower  polCDlial.  Hcnte  it  is  {Mssible  to  uiraDKC  a  circuit  com- 
'poaed  partly  of  suIhI  aiid  (ranly  of  lk(uid  cunduoon,  *uch  that  a  itif- 
Kreocc  of  potential  cuisis  between  tiro  parts  of  the  drcuii,  even  when 
theie  patti  nie  coanected  by  a  conducting  wire.  Thn'<  suppoKc  ve 
Kive  A  rircuit  compowsl  of  a  plate  of  copper  dipping;  in  a  Roliiiion  o( 
sulphuric  Aciil,  a  pl.-ite  of  >inc  alw)  dippio),'  in  (hif  solution,  and  a  copper 
wire  touching  the  tine.  The  diagram  of  the  poten- 
tials it  shown  in  Fig.  jii.  Tlic  copper,  Cu,  is  at  a 
bi);bcr  potential  tlian  the  solution,  H,SO„  while  the 
soluiioa  is  at  a  \\\^\\tt  poienitat  than  the  linc,  Zn. 
The  line  b  at  a  liighcr  potential  than  the  coi)pcr 
wire,  Cn',  ao  that  the  wire  is  at  a  lower  polcnlial 
ihan  the  copper  plate.  Hence  by  this  aminKe- 
menl  wc  have  got  tn'O  pottiitni  of  the  same  tnelat 
(copper),  which,  ow  ing  lo  eonlacl  diflVrpticc*  of 
potential,  aie  at  diflerent  potentials,  niwl,  since  when  the  copper  tnn 
is  put  in  contact  wilh  the  copper  pl.tie  we  arc  dealing  with  the  coniaci 
of  tlie  same  inFtal,  aiid  then-fore  ivo  coniact  diffeienrc  of  potential  it 
pnxliiced  which  wnold  annul  llw  teiMlenc>-  of  the  existing  difference 
of  poicDtial  Ii>  cause  electricity  to  move  in  the  circuit,  we  have  here  :in 
Arrangement  milnlile  for  producing  an  electric  current. 

ll  is  nol  c^en  necessary  ihnt  the  eoniaci  of  dissimilar  metals  occurs 
in  the  ritcuii,  or  even  that  two  metals  be  employed,  lor  a  galvanic 
dement  can  be  piodtKcd  in  which  oo  such  contact  of  dissltnilar  metals 
occiirsiortnwhidionlyasinglemelal  iseinployed.  Thus  when  immerted 
in  dilute  nilphiiric  acid,  copper  ii  at  a  biglvcr  potential  ih.in  le^d,  while 
when  immetsed  in  a  mhiiion  of  Mxtium  sulphide  (Na^),  copper  is  at  a 
lower  pnimiinl  than  the  lead.  Hrn(e  if  we  have  two  glasa  vessels,  one 
conuining  dihic  acid  and  the  othei  a  Mjluiion  of  sodium  sulphide,  and 
place  a  strip  of  lead  to  that  one  end  dips  in  the  acid  and  the  other  end 
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^p*  in  the  »oluiion  of  the  aulphkle,  while  one  plaie  of  copper  u  pbdJ 
In  iha  aad  and  Another  in  the  su!phUl«  solution,  Umo,  m  shpwn  bf 

the  diagram  in  Fig.  533,  the  ci^per  * 
to.  A  hij-bcr  potential  tlun  ibc  lc*d  la 
the  arid  ia  the  rcsael  S,  wbrle  ihe 
copper  in  tlw  vessel,  B,  coni^inint:  tbc 
sodium  sulphide  auluiion  is  ax  a  lowci 
poti-niijl  than  the  lead.  Hence  tbc 
Mipptr  pUiic  c  is  nl  a  Iiiglier  puiential 
tlian  ihc  copper  plate  t>,  and  if  ibey  ait 
joined  Ijy  a  copper  wire,  «  current  of 
electricity  will  flow  through  the  wire, 
nllhoUKh  there  is  do  contact  of  dis- 
stniiUr  iiiel^Ts. 

646.  Maarnhude  or  the  Contut 
DilToronce  of  PotenUal.-  inavo^aic 
cell  coiuiiling,  »)■,  of  a  plate  of  tM 
an<l  a  plate  of  copper  in  dilute  vA- 
phuric  acid  soltition,  there  Arc  three  different  conlacix  between  diniiniUr 
materi.ila,  namely  iliic  'copper,  copper/acid,  and  acid,'iinc,  and  hence  M 
have  to  deal  with  tliree  coniacl  difference*  of  piiirntiAl.  The  quesUM 
as  10  the  rehiive  magnitude  of  these  ihrco  contact  differences  it  one 
which  lias  oi:i:asioned  an  ijnmeii^e  iiiiiuunt  of  discussioii.  Tlie  qucnioa 
doe^  not  lend  iUelf  10  experimcmal  decision,  for  no  method  has  ai  yet 
been  devised,  which  i»  free  from  all  objeclion,  for  nieasurinj;  the  coniaa 
dilference  of  ptitential  between  two  Uotlici  without  the  intervention 
of  one  or  mote  iilher  media,  ahhough,  n<  we  shall  »ec  in  §  549,  this 
can  be  got  over  if  we  accept  the  ionic  theory.  Thus,  in  the  experimcm 
of  the  charged  elect  romcter-nccdie  tuspcnded  over  the  line  and  coppa 
qnndmnts  described  in  g  $4;,  what  is  ineasuted  is  not  t)ie  poiendil 
dilTeteitcc  between  the  tine  and  ilic  (ofiper  but  the  difference  in  potential 
between  ihc  air  In  the  neij-libourhood  of  the  line  and  that  of  the  air  in 
the  neighbourhood  of  the  topper.  Hence  if  we  indicate  the  true  contact 
diffeicnce  of  potential  between  xinc  and  copper  by  Zn.^Cu  and  so  on,  then 
what  i*  actually  measured  ix  the  sum  of  the  three  contact  diHerenccsof 
potential,  air/Zn  +  Zn/Cu  f  Cu/air.  Thus  if  the  two  (luintiiics  airi/n 
and  Cuj'nir  arc  not  both  icra  or  equal  and  ojiposite,  it  does  not  folIo« 
that  the  quantity  Zn.Cu  is  not  icrn,  or  at  any  tale  very  small,  so  that  the 
two  metal  quadrants  may  be  really  nt  ihc  same  potential,  and  we  need 
not  necessiirily  have  two  parts  of  a  conductor  at  dilfcrenl  potentials  when 
the  cleclricity  is  at  rest. 

Althoiigh  it  is  impossible  to  obtain  an  cxperitneni  showing  that  the 
difference  of  potential  of  about  a?  voln.  which  is  ob»etved  between  the 
air  in  the  neigh  bourhood  of  a  piece  of  linc  and  a  piece  of  copper  which 
are  in  contact,  is  r«ally  due  to  the  fact  that  the  tnetab  themselves  arc  at 
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Ihi^  dilTcrence  of  potmtial,  yet  the  (bllowing  conVidcra lions  indicate  llut 
Midi  a  (lifr«i«nc«  )ilino»i  ccruinly  cannot  exiisi.  Soppost  that  a  copper 
an<I  a  tine  wire  nhen  juincd  logctlicr  were  actually  ai  a  (liffftence  of 
potetilial  of  0.7  volii,  and  that  a  eurrenl  c  were  p.isied  thrtiuyh  these 
wire*  in  the  direction  from  the  copper  lo  ibe  line.  The  fall  of  potential 
alon^  ibc  combined  wire  can  then  be  shonn  diagiaminatioiUy  a«  in 
1^'K-  5^3-  Thceurrcru  pasuni;  in  the  direction  OPQ.lhcre  is  a  roniinuous 
fill]  of  potential  along  the  copper  wire 
OP  acconling  to  Olun's  law,  which  it 
represented  by  ihc  line  AU.  At  P. 
lM>we\"Cr,  where  the  copper  and  »inc 
meet,  (here  will  be  a  cxintacl  difference 
of  potential  which  will  rniie  the  poten- 
tial of  the  end  of  the  line  wire  0.7  vnlis 
abo\-e  that  of  the  copper,  to  that  while 
ihe  potential  of  the  point  r  on  the 
copper  n  represented  1^'  the  point  h  on 
ihe  curve,  thai  of  ilic  point  p  on  the 
tine  wire  will  be  repreitiiled  by  C  In 
the  jine  «-ire,  from  P  to  y,  the  fall  of  potential  will  be  regular  and  accord- 
ing 10  Ohtn'i  law.  Now  ai  the  current  parses  from  the  copper  to  the 
liivc  it  has  lo  move  df  Li/«i/ an  F^M.K.  reprrBcmcd  by  i:i<,  that  is,  0.7  volts, 
and  the  retult  i«  that  an  amounc  of  work  ii)ii«t  be  done  teprcMntcd  bj- 
o>7  C-  joules  in  each  xenind,  for  the  electricity  has  ai  the  junction  been 
raised  to  a  higher  "  level,"  and  so  its  potential  energy  is  increased.  This 
increase  in  the  electrical  energy  will  take  place  at  the  cxpcntc  of  ihe 
|>cat  of  the  junction,  v>  that  there  will  be  an  absorption  of  heat  at  ll:e 
junction  equal  in  electrical  units  to  1x7  C.  watts.  Or  since  a  watt  is 
«qml  \a  o.ij6j  calorics  per  second,  there  nill  be,  if  ihe  current  is  one 
ampere,  o.i'i?  calorics  ahjorbed  per  second.  This  absorption  of  heat 
will  be  re\'eTsible,  so  Ihai  on  revcising  the  direction  of  the  current  live 
same  quantity  of  heat  would  appear  at  the  juncliun.  Now  in  ,$  }oo  we 
have  in  fad  considered  this  very  problem  when  dealing-wilb  the  I'cltier 
effect,  and  it  was  there  mentioned  that  the  quantity  of  heat  absorbed 
un<lcr  the  drctimstances  we  haw  been  considering  is  really  only 
i.fix  10-*  calorics  per  second.  We  ar*  tbercforc  led  10  the  coiwhisian 
that  no  such  diflenenec  of  potential  a*  0.7  volis  can  really  exist  betweoB 
a  pic<^  of  copper  and  a  piece  of  rinc  when  in  contact,  and  that  ibo 
diflerenec  of  po<tential  which  has  been  called  lite  coniaci  differeoce  of 
po«ential  is  mainly,  at  any  rate,  a  difference  of  poieniial  between  Ihe  air 
in  the  iKighbourhiiod  of  Ihe  two  metals. 

If  o-c  conclude  that  the  actual  difference  of  potential  between  two 
metals  in  conlaci  is  that  which  is  deduciUc  from  the  lalue  of  the  Peltier 
effect,  thai  is,  of  llie  order  ofaooo?  »x>Its,  then,  in  most  of  the  consideflt- 
lions  as  to  lite  electiomoiive  forces  in  circuits  containing  meialt  and 
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rdectmlytet,  the  roni3i:t  diflcrcnrc  of  poteniio]  brtween  rneials  nttjrlt 
ncX^C1«iL  Wc  dwll  now  prarcrd  in  (nniiidcf  more  in  ticlail  the  qiKSM 
of  t)i«  contact  diflcraMc  of  poicniial  l>clwccn  metals  and  elcctralylcs,*' 
belwcen  two  elccirolyica. 

M7.  ElMtrolyttc  Solution  Prauur*.— The  cxivterMre  of  a  onnoa 
diRcrcnrc  of  poi«iviiaI  hclwcei)  n  nwttJ  and  an  electiT>lyt«  hat  beet 
LCxplaincd  by  Ncmu  on  ilie  ionic  liypolbcsis  in  llie  followinj;  muMt 
rSuppoM  a  platv  of  a  mirial,  ix-iy  zino,  i*  dipped  into  a  diiiKc  KOurioatf 
sulphuric  acid,  then  Nemsi  suppose*  ibat  ihcre  exist*  a  icndcntr  fix'th 
line  til  contact  wiib  tlie  solution  to  enter  into  the  ionic  conditkni.  No* 
each  tine  Urn  must  catry  a  chaifje  of  -f  2<,  aod  ai  wheno-er  a  )>aiiti<«* 
cbarf:^  i«  pnxtiicrd  we  always  find  an  ei|ual  and  opposite  »e){alii-e  cbaip 
formed  at  the  same  time,  for  each  line  ion  that  ):ocs  Jnlu  soluliuo  in  tbt 
water  a  ne^iativc  charge  —  :<  will  be  devclopeil  or  ihc  plate  ;  so  that  tk 
line  will  becoitic  nc);aiively  electrized  and  the  water  po^tU-ely,  due  to  ibc 
presence  of  the  posiiitcly  chained  lioc  ioo».  If  ne  luTthcr  Kiippose  Ihil 
llic  tendency  of  ibe  rinc  to  ft>nn  ion*  is  not  indefinitely  ureal,  that  is.  ilu* 
for  a  given  ineial  and  lic^uid  there  exists  a  deiinite  prcuiirc  tcndinit  lo 
maUe  the  metal  OMumc  ibe  ionic  condition,  then  Ibe  ions  will  he  produrd 
till  the  puaitive  cbaij^e  of  the  water  «nd  the  negative  charge  on  ih«  pbit 
exert  such  an  cleciro-^tatic  force  on  each  ponlivrly  charged  iuii  that  b  on 
the  pninl  of  moving  ofT  into  the  wnicr  as  lo  exactly  balance  ibe  diflerente 
between  the  clecirutylic  solution  prewure  tending  to  cause  the  linc  w 
become  ionised  and  the  pm.iure  of  tlie  line  ions  whi(:b  have  alrcMly  gone 
into  solution.  Tbi«  hypothesis  of  a  solution  pressure  i«  anatugoui  to  iIm 
vapour  pressure  of  a  liquid,  for  evaporation  goes  on  till  the  pressure  of 
the  vapour  is  equal  and  ojiposite  lo  iIm  pressure  which  ien<ls  to  make  the 
liquid  particles  assume  the  gaseous  form.  Since  ibo  charge  on  each  ion 
is  very  ([real  f§  539),  for  i,.'io»of  a  inillrgramof  linc  ions  carrj'  n  charge 
oT  about  3  coulombs,  it  is  not  necessary  lo  assume  that  a  wctghable 
quantity  nf  the  i\nc  passes  into  the  water  in  Ibe  ionic  condiiion  to  account 
far  the  observed  difference  of  pDicniial. 

If  the  mcial  is  in  a  soluiion  which  already  contains  its  own  ions,  as  for 
instance  a  plate  of  tine  in  a  solution  of  tine  sulphate,  then  the  ions  already 
picscni  in  ilie  solution  will  olTcr  an  opposition  ti>  the  entrance  of  any  more 
of  the  same  ions,  or  wc  may  suppose  thai  ihcy  exert  a  pressure  tending  lo 
drive  thtn>  out  of  the  solution,  so  that  the  difference  of  potential  necessary  10 
produce  equililmum  islfss  than  nil  en  no  rinc  inns  nir  in  ihe  soluiion.  if 
the  elecirtilytc  is  such  iliai  ibc  lendencj-  of  the  ions  it  already  contains  lo 
leave  the  sohition  is  greater  ih;in  the  solution  pressure  of  ihe  metal,  then 
a  certain  number  of  the  ions  will  leave  the  solution  and  liecome  electricnlly 
neulml  on  the  melJiI.  In  this  way  ibemelal  will  actjuirc  a  positive  charge 
and  Ihe  soluiion  a  negative  one  As  before,  the  positive  charge  on  the 
plate  will  exert  a  repuKive  force  on  the  positively  charged  ions  remain- 
ing in  ihe  loluiion,  while  the  ncsalirely  charged  solution  will  exert  an 
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aitntciion,  so  (Iial  both  of  ihe>e  fvrcvs  will  oppose  the  pawA^e  or  the  ions 
oa  to  the  itietui,  adA  a  st.ilc  of  equilibrium  will  be  mi  up  in  vhich  ilie 
electro-static  force  axiA  the  »a)iiii<jn  ptcsnurc  of  the  incul  nrc  Idncthcr 
c(|ml  Mnd  nppoiile  to  the  force  with  which  ilu:  iont  in  the  liquid  tend  to 
leave  the  solution  and  attach  ihccntch'Cb  to  ilie  nictnL 

Contact  differences  of  polcntUI  not  only  cxi^t  between  two  dilTcrent 
clecirolytet  in  contact,  but  alau  between  tvo  solutions  of  die  ^3me 
electrolyte  if  ilie  concentmtion  i*  different.  Neroit  has  cxplutnul  the 
ditTerence  of  potential  existing'  bcln-cen  two  solutions  of  the  sjinii;  »;ilt, 
when  ibc  concentralionK  differ,  in  the  foHowinK  otay.  Huppoic  that  a 
slroD^;  solution  of,  say,  hydrochloric  ncid  is  in  contact  with  jiure  natcr, 
then  ifac  arid  uill  diffuse  into  the  water.  Since,  on  the  ionic  theory,  the 
hydrogen  ions  and  the  chlorine  ions  arc  recardcil  a*  bcin^  capable  o4 
independent  motion,  and  since  their  fclociiies  of  migration  are  lYgMtdcd 
a*  different,  that  of  the  hydra(,>cn  bein(-  llic  ^'rraier,  the  H  ions  i>  ill  travel 
baler  into  the  water  than  the  CI  ions.  Hence,  m  llie  H  ions  carry  a 
positive  charge,  the  water  wil!  become  povltively  diatged,  owinj;  to  ihc 
presence  of  an  cxceu  of  li  ions,  and  (he  solution  negatively,  owing  to  the 
excess  of  CI  ion^  The  process  will  not  gn  on  indefinitely,  for  as  the 
mler  becomes  positively  charged  an  electro- static  repulsion  will  be  pro- 
duced, lending  to  check  the  advent  of  the  positively  charged  H  ions  and 
to  accelerate  the  ncKatively  thitrjjed  CI  ions.  Thus  the  H  ions  «ilt 
dlAiue  more  quickly  at  first,  till  ihc  difference  of  potential  produced 
fcctit-een  the  water  and  the  solitiioii  iv  so  Kr^ai  thai  the  electro- static 
lbfi:ca  on  the  charged  ions  rnusc  the  H  and  CI  i'>nii  In  diffiise  at  the  same 
rate.  As  the  diffusion  continues,  the  number  of  ions  in  tite  weaker 
solution  will  incrcatCfand  hence  ihc  tcndenty 
oftlie  ions  from  ih«  stron^T  solution  to  move 
into  Ibc  weaker  solntion  will  also  decrease, 
ai>d  tlte  difference  of  potential  neccssan'  <o 
prevent  the  H  ions  difni^ing  more  ([uickly 
than  the  CI  ioits  will  be  less.  In  other  wordi, 
the  contact  difference  of  potcniuil  will  de- 
CTcAse  when,  owing  to  diffusion,  the  cunccn- 
irations  of  the  two  Mlmioiu  h«coiue  more 
Duily  eqwiL 

In  (he  case  of  e1e<lrol]rles  it  is  impOMtble 
to  make  a  Int  such  as  Volta's  list  for  (he 
metals,  w>  that  it  is  pasiible  to  arrange  a 
seriesnfctectroJytes  tofotm  a  circuit  which  can  produce  a  cunrnt  through 
the  Hrruit.  Such  a  circuit  (Fit;.  524)  consists  of  a  fairly  simojj  tolulioii 
of  polafcsiun)  chloride  (KC'l),  a  weak  solution  of  tCCl,  a  w«ak  solution  eiS 
hjrdiTKbloric  acid  (HCI),  a  faiily  stioii);  solution  of  HCl,  this  salution 
beioK  in  contaa  with  the  strong  solution  uf  KCl,  wlieii  a  current  will 
[inattate  llirou^h  the  solutions  as  shewn  dia^'raumuiticaUf  in  Kig.  524. 
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f  A  cnncBt-prDducinK  drcuil  cannot,  homevef,  be  bmted  by  a  sata  at 
diffRrenily  mnn-niniicd  uilutinns  of  the  mme  elcctrolj-ic 

648.  The  CapUliu?  EldetromeieF.— The  nieasurrmvnt  of  dx 
cuDtact  dillcrcncc  of  potcniiftl  hdwccn  a  metal  and  a  liquid  hat  been 
]  rendered  pooaiMe  owtn);  lo  «  discovery  of  Lippnuinn's  (vhu  found  thw 
when  a  currenl  it  jusMtl  acroM  (he  surface  separating  iitercury  ud 
dilulc  sulphuric  acid,  in  (he  direction  from  tbo  add  to  the  macuf, 
the  area  ol  tli«  turfacc  uf  sepamtioa  tends  to  decrease,  ju  if  the  lurCue 
trntion  (^  I  >7j  had  ini-'reased.  ConveT«el)',  if  by  any  meaiu  the  xiea 
of  (he  surface  of  scpanition  U  varied,  a  curruit  will  lie  producicd  in  a 
wire  i: oil iiec tint;  ''^^  mcirury  and  (Ik  solution.  The  efiect  of  the  appbo- 
tion  of  an  R,M.F  across  the  surface  of  wparatitm  of  incmirj-  and  dihiK 
sulphuric  acid  on  (he  suilace  icnuon  lias  l>ccn  applied  by  Lippmann  to 
the  conitruciion  of  an  eIeGiraine(er.  A  simple  form  of  capillary  eleore- 
meter  it  ^lomi  in  Fig.  $35.  A  g\»^  tube,  JUL 
is  drau-n  off  ai  (he  boKom  into  a  fine  oqallarr, 
c.  I'o  the  side  of  lhi»  (ube  is  coaneaed  a 
reservoir,  l>,  by  meanx  of  a  flexible  indianibber 
Iub&  All  and  D  are  filled  with  itwrcury,  so  (hat 
hy  ruifiiny  d  (be  licight  10  which  the  metcaiy 
iise«  in  AH  can  be  varied,  and  hence  also  the 
pressure  which  acisiending'IodTive(hc  iitercBiy 
out  (hrou^-h  the  capillary.  The  end  of  ihe 
ciipilbiy  dips  in  a  vessel,  k,  con(ainin);  a  dikie 
siJution  of  sulphuric  acid  above  aod  Miine  mn- 
lury  hclow.  Platinum  wire»are  fused  ihraogh 
ihe  lube  AB  at  X,  and  throuv'Ii  tlie  \^»»el  K  at  T, 
Hi  thai  an  K.M.F.  tnay  be  applied  bclvrtcn  ifae 
mercury  in  An  and  that  in  E.  Since  tlic  angle 
of  conincl  between  mcroiry  and  sulphuric  add 
sotu[ion  and  glass  is  grenicr  than  90*,  (he  s«i> 
face  tension  tends  to  drive  the  mercury  up  the 
capillary  lube,  and  a  condition  of  equilibrium  will  be  readied  when  the 
capillary  force  is  just  balanced  by  the  head  of  mercuiy  in  AS.  The  po«i- 
tiun  of  the  meniscus  scpamiing  the  mercury  and  the  solmion  in  the 
capillary  U  observed  by  means  of  a  microscope,  T.  Since^  as  wc  have 
xcen  in  ,^  160,  the  pressure  which  ilic  rnpillaiy  forces  will  sustain  do [>endi 
on  the  diaiiiclcr  of  the  capillary,  and  fls  the  capillary  is  never  cylindrical, 
bui  is  sti^diily  cnniol,  (he  nicnlsciis  will  move  (ill  it  reaches  a  point  in 
ihc  capillary  wheio  (be  dLaine(cr  of  the  bore  is  such  (hai  the  capillary 
forces  juil  biilance  (be  head  of  mercury.  If  (lie  head  of  mercury  is 
intn-ascd  (he  meniscus  will  move  donn  into  a  narrower  pun  of  the 
capillary,  and  t'/iic  t'^ria.  If  after  equilibrium  1in»  been  attained  (he 
surfsacc  tension  is  in  any  way  reiiucrd,  ihc  nif^niicus  will  move  down  (u  a 
nairower  part  of  (lie  capillary  tilt  the  increase  of  ihc  capillary  forces  due 
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to  (he  reduced  dinmetcr  juKl  maknt  up  for  th«  tedticiion  in  the  surbce 
teiuiun,  and  lo  hrin^  ihc  rnrni^ruE  K-ick  to  ns  DiiKinal  position,  ax 
indicated  by  the  cross  wires  of  ihc  microsmpe,  lh<:  hrnd  of  mcmiry  will 
have  to  be  reduced  by  lowcrinK  llic  ic-scn'oir,  D  ;  and  ihc  dccTcnsc  in  ihc 
bead  as  measured  by  a  sc^le  lixcd  nlon);sidc  Alt  will  be  a  rtirasiirc  of  iho 
decrease  in  ibe  surfn(«  tension.  In  the  same  way,  if  ihc  surbcc  lenVion 
incrcatei  the  meniicui  will  move  up  10  a  wid«r  pan  of  ilT«  cupiDary.  and 
to  br^ni;  it  back  lo  ihc  fised  po&iiion  ihe  head  of  mercury  will  lia%-e  to  be 
increased.  If  ihe  bead  of  inercuty  is  so  adjuMcd  that  the  nicoiscus  is  in 
the  >)t;hted  posiiion  when  the  wires  x  and  V  are  rannecied  together.  &a 
that  no  external  F..M.K.  is  acting  armss  the  menincus,  it  is  found,  on 
applying  such  an  E.M.F.,  that  the  mcnisciis  move*,  and  thai  to  bring  it 
hack  lo  its  lighted  position  the  head  of  mercury  in  ak  has  to  be  altered. 
For  iiiialt  dilierences  of  pulrntidi  ihu  aticnitiun  which  ha^  lu  be  mad«  in 
the  preMure  applied  to  the  mercury  to  biinK  the  meniscus  back  to  lis 
SJBbted  position  is  proportional  to  the  applied  E.M.F.  The  wotkinf;  of 
tbe  capillary  electrometer  ha»  been  explained  by  ion  Hclmholii  in  the 
following  manner.  At  ibc  surface  of  separation  bctn-een  the  mercury 
attd  the  loliition  there  will  exist  a  contact  difference  of  polrniial,  and 
since  both  the  mercury  find  tbe  soluiioi)  nre  conductor^  and  at  their  sur- 
fiu«  of  !M>paration  they  arc  very  near  together,  the  diffeitntc  ol  potential 
trill  canM  an  accumulation  <if  elettricily  on  the  two  sides  of  the  hounding 
furCacc.  For  tniiance,  i(  we  ha*-e  two  plates  of  conduciioK  material 
separated  by  a  thin  sheet  of  a  dielectric,  lay  ebonite,  then  if  a  differeoce 
of  potential  is  produced  between  the  con<luctort  we  know  that  the 
arranKcnicnl  will  art  as  a  condenser,  and  the  charce  on  (he  lu-n  con- 
ductors mill  accumulate  "il  the  surfaces  which  arc  in  contact  »ith  the 
ebonite.  The  same  ihinji:  occurs  in  the  case  of  the  mercury  and  the 
■ohition.  Sinc«  a  dilTerence  of  potential  is  mainlained,  how  It  is  main- 
btned  b  iinmalerial,  and  we  do  noi  kn<iw  for  certain,  atibou^-h  in  %  $d7  an 
expUnalion  lias  beeo  niicn,  and  the  cllect  is  jiiit  as  if  a  non-condutling 
liicel  had  been  imcrposcd  lieiween  tbe  mercury  and  the  solution,  and 
then  the  tn-o  had  been  ch^ti^ed  to  a  difleience  of  potential  equal  to  the 
contact  difference  of  potential 

Since  tbe  mercury  is  positive  to  the  solution,  we  musl  suppose  that 
this  double  layer  of  elecirictiy  on  ihe  surface  of  scp-iration  consists  of 
pmitive  electrification  on  tlie  mercury  side,  ami  neiiaitve  on  the  solu- 
lion  side. 

We  hare  now  to  conuder  the  influence  of  this  double  layer  on  the 
snrface  icfttkm  of  Ihe  stirbce  of  separation.  In  §  157  it  was  shown  that 
if  7"  is  the  observed  surface  tension  of  the  surface  separating  two  media, 
and  the  area  of  this  surface  is  incnciiscd  by  an  amount  t,  the  work  which 
has  to  be  done  is  f  7'.  Now  tbe  surface  of  separation  between  the  mercury 
■nd  acid  solution  wiih  its  double  layer  may  be  rejfarded  as  a  rondcnscr. 
of  wbkb  the  two  annutures  are  char};ed  to  a  potential  dilTerence  c,  where 


-  s  HB  -HII-1.T  tuKiai::  xr  jwoDCit:  bLcaecM  the  (Dctctuy  and  tbe** 
:;-=  y.tw.  a  ar-  TXtaaais  ^-wiii^  zae  {ilaies  uv  keptaiacabS 
-."^s-sH-T  It  Mmra..  ;ae  ±ir;=6zi:  lorccs  lead  to  /jctTrov  the  ajK! 
n  ;ti-  r^nutsisis-.  Ssji:^  «  a«  <3K  <rf  ibe  doable  U}-er,  Uwe  is » 
Tso— V.--  vr  -ix.  ^saaix^  ^:  m=ai*e.  :iia:  is,  for  Uw  ani  of  ite  tali 
_  —  ^  Trv-T-Ese.  Tm  »uic  s  :3ai  ce  KcocBt  of  Um;  electriol  iwo, 
::«:  i^-ti  n  -x  sarair:  .-t  geTtt.-yi.-iL  bccwvea  Uae DKrcun- uid  iiw«lma 
^a:>^  ->.'  m.Tsuic.  KaL  x  tw  esecrval  x»xs  wiE  ndiMX  ibe  anooaia 
vnj.  viiiii  :js  7:  »  :i;nB  ifxaac  :ae  P>:^«»T  nu&ce  teiuion  eici 
»  wt  :w  t.-ri  ,-r  -iw  iaracs  .-c  wptni.^  is  ^s.^:cased.     Thus  if  T  ii  w 

-  -..^x  ;«  sirTa.t  ::;3si.-(L  ^niiii  xki%.  K^nse  Qo  eJedricd  douUt  a« 
»■;"!  71-=*=::.  ;m  T-.ri  jnw  bt  ':ni-:Kis=4  lh«  arwa  of  ihe  soihad 
sK-.^:..i:  :••  n  tn-xa:  ,-  -w-sic  be  ,■;'.  Tbcrelbre  j.',  ibe  icra 
L.TZ'n^:^  .t  *n-t  J.-Re  a  mrr^kssf  :ie  s=f»CK.  is  Je^i  ihan  jT,  lit 
;.rv-i::r.;  ,x  »-:-i  »tiiz:  ■'.■ui\i: iii':  r.»  bt icoe  if  =0 eiectr^.cal  dtxiblc li;r 
J  ■;>;•!■,■.  r--  -«  j=a.-u.-L:  ;f  ■w:n  i.-ne  i?-  ^ae  eieirtrital  forces  oning  lo  -^ 

Tir-Tis;  ■:  i:i!  rifA.-T'  ^':ie  irc^ie  ^>cr.  Tliiii  ~  ihe  actual  rerfKt 
N^sso:.  >  ess  ^jx  ~.  "je  «::&:«  3B=acc  s=pposiEg  no  double  Urc 
j-iv-ri   :j.<  ^t-stsa.-^  .-t  ue  oaixe  a*«r  £a=^=^  »  diminution  in  the 

jr;  .L.-sk:  ->«  -.-n^ari  ii=e:«cs  «  poCe£=>:  betwvei:  ihe  Ine^cur^■a3J 
■e  SI.-. ;  .en  ■^t ..  Lr«  =sitr,-.:ry  ^;^  a;  ;ie  hi^ber  pwenUaL  Tben,'i;M 
•■ .  ■;  -J.  ~.  -<  '•  :*  LTC-fc.  B.-  -.'ii;  tie  ■ire  .V  Li  pos::ive.  ibe  diifcren^ 
..  70:::^  re  vni  ^-j  ^----:.  ir.;s..v-r.ot»i::bei«a:er  than^br 
.■■;  i-i.-.--;  .V  :■■;  -^f".*^  H.\'.-_  A=.i  hezce  the  chat^es  on  thedo^b> 
.:•;•■*..  :<  -r .■ -lisf-i-  so  -,>Ji:  :i*  suzije  Eecii^ia  »:11  be  tiecrrased,  a.iii 
:.-  !.;•;■-  rt  r-*is.,-s  .=  ;*  Kj:i:eii  pi'^ii-jc  tbe  beac  of  mercurv-  in  Al 
---:>.  .-K  ■■i'i.'.-W.  ti,  i,-*«i-;r.  "Je  afpv.eii  E -M.F.  :s  in  such  a  dircviloo 
-.-.i:  i.-rs  T  :'-t  .-fcv*  :*  d;:it-,-;>.'»=  :i3  i*  <.-oc:ai:1  d;ne:ence  01  poier.ii;! 
-,;  -•■!  riT  f^-.s.  IT<T.  -bi  KTT!^^-.'- c:  "J;e  doiibk  "»aycr  will  de»:iease,  an.! 
r-iro:  -.--r  r-;".i,-s  ;;-;;■,■=  »-~  '.SkTijie.  Thl*  increase  w;il  ga  on  :iii  :he 
i.-..--  -^i  ;"."-.  :".  ^  <t-ji,-,L>-  «v-.LiI  a-.i  oppi*i;;e  10  the  contact  citTcrence  ai 
rvcir;  1,',  -,■■  •!>:=  tr  s  cv--,-;rs  Uiere  »'~1  be  no  double  layer,  and  henct 
:•':  t--i:r:  t*-^,--.»'."  >,^si«*i  ;he  vi'.-.;e  uhich  it  wiHild  have  if  r.oc>. 
:-  ,-i  c>-,riiM  »«-■«  p-'icsei:.  If  tbe  applied  E.M.F.  is  fijnher  increa^ci:, 
">.::  *: '.'.  7.  ;'-.e  cc7»-i.;e  .ii:*c-,:i»3  to  the  CMitact  dirfcrence  of  poiential 
;><::  a  ..i.-v.r'i  ?iiifr  *-.l!  ajT-ia  ^e  fcmied,but  with  the  ncjiative  charge  on 
:>tf  -.w■.-J.-^  ;■.;?.  This  ir.ifreJ  dcjUic  laitr  n-iil  cause  a  drcreise  in 
;>f  s.:::aof  ;cr.*!.'a,  i-->-i;  the  presence  of  such  a  double  Ijyer  ni-.;^; 
,:,'\-rri*e  :>»  s.:r"j,-e  ie-.-.s:»>nKhichci-er  side  is  positive.  Hence,  by  app!)- 
•-j;  J,::  e\:e:v.a:  liLM.F,  $0  as  to  nuKC  the  mercury  ne);ativc,  and  increa-ii;,,' 
it  ::"'.  the  Sii'Uoe  tira*i.'r.,  as  indicated  by  (he  pressure  nhich  has  v.-  he 
ji't-'ed  t.'  br;:ij;  the  i::cr.**c'js  tf  its  siKhted  position,  is  a  maximum,  «e 
>>-•.""  hj»e  ;h,«  the  app'iis.'  E.M.F.,  when  this  maximum  is  reached,  »t!l 
be  c\4c:'.y  eij'ail  and  i.>pp03)te  to  the  coniac  dilTerencc  of  potential  between 


ntcrcury  and  ihe  wlphuric  acid  tolution.  In  ihia  way,  Lif^HniUUl 
ihit   ihc  cunlact  riillrrciice  of  potential  between   oicrcury  and 

dniiic  acid  solutian  waa  ubout  i.o  volt 

Tlie  vaiue  ol  tfac  suiface  teituon  when  ihe  applied  l-l.M-i'.  ii  exactly 
!  and  of)po(ite  in  the  coittact  difference  of  potential  nil!  be  the  taluc 
of  the  tiirlocc  tension  unlffectrd  hy  elcclricjl  ditltirharm:!^  and  Oslwald 
has  found  t)i4l  Ibis  maximum  suif;ice  lension  is  ficqiicnily  independr m  ul 
tlie  niitnreof  the  ckctralytcalthnuKli  the  values  obtained  in  the  mdinaty 
way  difftr  roniiilcialtly  with  dilTcrcnt  elect rolysn. 

649.  Values  of  the  Contact  DlITflrences  of  PotanUal  between 
Metals  and  Liquids, — Havinj;,  l)y  mcauia  of  ilie  tiituiliiry  eleatoinetpt, 
deleniiificd  tlie  totitacl  difference  of  potential  beHKen  mercmy  and 
any  s'ven  ekttrolylc  ^Mhcr  clecttolyles  bc«itf»  wipliuric  acid  may  lie 
eLiii)>io>'i:d),  the  value  of  the  <:<Hil;u:t  dlTerence  of  poleniial  bnlwei:!!  -iny 
olhet  indal  tind  the  cle<'trnl>'(c  cnn  lie  obtained.  For,  suppose  i>c  haiit 
a  metal  .</,  aiid  we  Tftjiiirc  to  find  the  «wita<i  diUcreiKC  of  potential 
betuern  this  iDoial  and  sulphuric  acid.  If  a  pUtc  of  the  iitctal  .If  is 
dipped  in  a  veiael  eonlainin^  :i  itululion  of  sulphuric  iu:id  and  alto  mwim 
metcuiy,  and  if  e^  n  the  conturl  diflcnrnce  o{  potenli.il  betu'een  nietcttry 
and  the  solution,  aivi  Cj  that  between  J/  and  the  solation,  the  iliHcrence 
nf  poicntial  Itetwrcn  the  mcreury  and  ih*  nvclal  will  be  e<(iul  to  /,  -/■^ 
Hence,  tincc  uo  can  meagre  ihii  difference  of.  potential  between  ibc 
metal  and  the  nwrcury,'  aitd  we  know  ■■,.  we  can  calculate  e^  The  ful- 
Inwii^  values  for  (he  contact  differences  of  potential  have  b««i»  obtained 
in  thi&  way,  tlie  potential  of  the  electrolyte  being  taken  id  all  cnws  a» 
MiOi  and  tbo  totutioii  containing  one  giiun  equivalent  per  litre  : — 

Co^TACT  liirrt.KiixcKs  of  PorKKTi.*i, 


UnaL 

EIrctiDirt*. 

H,S0.. 

MplMbe. 

HCL 

Cbkaklb   1    NUial'. 

Zinc  . 
Cadmium 
Capper      . 
Silver 
MtroBy  . 

-0163 
-ai3 
+a46 
+0173 
+a86 

-0.SI 
— ai6 
+  0.JI 
+0.97 
+  0.98 

-0154 
-0.14 
■i  0.3-3 

+<XS7 

-0.50     '     -0.47 

-at?         -0.1J 

+0.61 

\    +1.06 

...        1    +I.OJ 

I 


650.  The  Voltaic  CelL— If  a  plate  of  copper  and  one  of  linc  are 
dipped  ill  .1  vv^vr\  cunlainint;  a  dilulc  solution  of  sulphuric  acid,  tlien, 
froni  the  Lible  t;ivcn  above,  it  will  be  sct:n  that  if  the  pi>tenli^i]  of  iIk 
•olinion  ii  taken  ai  nro,  IIm;    potmli.ll    of  the  miifier    will   br    Kufi 


>  fCiipfio^ni:  ibai  \%m  oNMaci  dilferrwce  of  patailiid  between  Ihe  mAal  J/  and 
r  tt  to  mihU  m  to  tw  atg%il)lc 
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wiltt,  »nd  tliai  of  ilic  MiK  will  be  -  Oi6i  \iA\^  Hence  the  copper  wil!  be 
nt  a  pMcniiiil  of  I. oft  voks  hiuhcr  than  thai  of  the  line,  so  thai  if  the 
copper  and  line  plsiei  are  joined  by  &  condticlinjf  wire,  thU  wire  wifl  be 
traversed  by  iin  electric  cuneiiL  Tliit  arrnngcmrnt  is  odlcd  a  simple 
][alvank  or  voltaic  oel)  or  battery. 

When  the  copper  plaic  i*  connected  to  ihe  rinc  by  the  condudiiir 
wire,  powiivc  elecirieity  will  flow  fn>ni  the  topper  to  llm  linc,  and  »o  the 
polcnlinl  sA  ihc  copper  with  ifferercc  to  the  solution  will  clccrcaie.  The 
rcxull  will  bp  that  the  electro- static  force  which  opposed  the  prectpiutioo 
of  tlir  hy<![ot:cn  iont  of  the  clcctrolyle  on  the  copper  clecirode  will  be 
ivdiiccil,  and  so  more  of  ihesc  ions  will  be  able  to  ditcharcc  ihrntKh^ 
OH  the  copper.  In  the  same  way,  the  increaie  «( the  polcniini  of  the  line 
due  lo  the  paMnfje  of  eleciiiciiy  round  the  canduainK  wire  will  decrease 
the  elcctro-siatic  force  which  opposes  the  solution  pressure  of  ilw  liiK; 
and  Ml  more  xinc  tons  will  be  &bk  lo  go  inlosoluiion.carrytng  their  pon- 
tive  char);e  with  them.  Thus  the  passage  of  a  curmti  tn  tlie  wire  front 
the  copper  pule  to  the  linc  pole  is  accompanied  by  ihc  solution  of  the 
line  nc  one  etecirude  and,  the  liberation  of  hydrogen  at  the  other.  For 
every  equivalent  of  the  line  disM>lve(l  a"  c<|uiviilcnt  of  bytlrogen  will  be 
liberated,  and  the  pa^^nge  nf  <A$5o  coulombs  of  electricity  in  the  wire 
will  he  accompanied  by  the  soluiion  of  the  e(]uifalcnt  of  linc,  and  ihc 
liberation  of  tlic  equivalent  of  hydiOKcn.  Thus  the  cell  behaves,  aa  far 
AS  the  chemical  changes  which  take  place  within  it  are  concerned,  exactly 
as  if  it  were  an  electrolytic  cell  through  which  a  current  it  sent  by  some 
external  u^cncy. 

Tlic  potentials  of  the  different  ponions  of  the  simple  cell,  considered 
before  the  cxieinal  circuit  was  closed,  may  be  repruHcnted  by  ibc  cunt 
(a),  Fig.  516,  in  which  the  oidlnaics  represent  ihc  potentials  of  the  dif- 
fcrcnt  portions  of  the  circuit,  It  will  be  seen  thai  the  copper,  the  linc, 
and  the  solution  are  each  ut  the  same  potential  throughout.  Wlicn 
the  cxiemal  drciiit  Is  closed,  so  that  a  current  l^ciws  in  Ihc  cxlcrn.tl  wire, 
the  end  a  of  the  copper  wire  being  in  contact  with  the  end  »■  of  the 
tine,  these  two  points  will  be  at  the  same  poicntlaL  \\'e  ate  here 
neglecting  the  contact  difference  of  poieniial  between  the  copper  and 
the  line,  since  this  Is  so  very  small  compared  with  the  contact  diflTcr- 
ences  between  the  inetali  and  the  solution.  Since  ihere  a  a  ctirrent 
flowing  in  the  copper  wire  in  ihe  dircciion  iia,  there  will,  by  Ohm's 
law,  be  a  fall  of  potential  along  the  wire  as  Indicated  by  the  line  aB, 
Fig.  516  (J),  In  the  same  way,  as  a  current  is  pausing  through  the  tine 
in  the  direction  fe,  iheie  will  lie  a  fall  of  potential  along  this  wine 
as  shown  by  vk.  Similarly,  since  Ohm's  law  wpplici  lo  the  electrolyte, 
there  will  be  a  fall  of  potential  in  the  liquid  between  I>  and  C.  .Study 
of  the  figure  will  show  that,  ahbough  the  copper  plaic  is  still  at  a 
potential  of  o.j6  \-olt-s  above  that  of  the  solution  in  its  immediate 
neighbourhood,  as  represented  by  nc,  and  that  of  the  line  plate  is  «t 
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oAi  voUf  below  thai  of  the  electrolyte  in  its  iminediiite  neighbouihood, 
ft»  repivKDted  by  dk,  ytt,  owinj;  lo  ilie  Tall  of  poieniial  along  the 
electrolyte  no  that  the  end  d  i«  al  a  higher  poicntijl  liian  the  end  C, 
the  dificrcni-c  of  poicntUl  Ijeiwecn  ihc  copper  ami  jinc  platei,  that 
U,  bctvccn  the  pole*  of  the  cell,  is  less  when  a  runem  i*  pnisint;  than 
when  the  cell  iB  on  open  ciiruii.  The  chanxc  produced  on  this  ncconnl 
can  immediately  be  calculated,  for  if  r  i^  the  resistance  of  the  elcctio- 
lyte  between  the  copper  and  linc  plate»,  that  is,  tlie  resistance  of  the 
cell,  ilien,  when  a  current  ("  is  jwiiinu,  the  fall  of  potential  will  by  Olun's 
taw  bi:  equal  to  rC'.  (Icncc  the  poli'ntial  hclwccn  the  poln  of  the  cdl, 
when  it  is  prodncinj;  a.  currcnl  C,  will  tjc  ixi&-rC. 

The  aboie  diticiMsion,  in  the  case  of  surli  a  cell  as  the  one  dcKribcd, 
only  applies  to  the  first  moment  of  closing  the  circuit,  for  after  nn  appre- 
ciable current  1i:is  pasted,  polansiilion  elfccts  will  occtir  which  will 
decrease  ibe  available  E.M.F.     The  polarisation  with  which  we  are 
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ronceni«l  is  of  the  second  kind  considered  in  |  544,  that  i»,  it  is 
<itic  to  tiiv  effect  of  ilie  hyilronen  libeialeii  at  the  cupper  plate  and  lo 
a  less  extent  due  to  tlic  dissolved  nnc  ionn  not  difTusini;  amy  from  the 
*ii>c,  so  that  the  efTcci  of  the  solution  pressure  of  the  linc  will  be  dim!- 
Biahcd  owing  to  the  presence  of  an  increased  nimiber  of  nnc  ions  in  the 
Milutioa  near  the  plate-  The  polarisation  due  lo  the  hydrogen  i:t  pro- 
duced, in  the  first  place,  by  the  copjier  becoming  coated  with  a  layer 
of  fine  xas-bubblcs  which  increase*  the  resistance  of  the  cell,  owing  lo 
Uie  diminished  surface  of  the  copper  available  for  the  passage  of  the 
current ;  and,  in  ih«  second  p!a<:«,  by  the  copper  becoming  coated  with 
Iiydrogcn,  the  positive  plate  becomes  priictically  a  ptate  of  hydn>K«n, 
and,  since  hydrogen  has  a  smaller  contact  difference  of  potential  with 
the  solntion  than  cojiper,  Ihc  IvM.F.  of  the  celt  11  decreased.  A  cdl 
such  as  the  abin-c,  in  which,  owin>:  to  polarisation,  the  K.M.F.  dcrivascs 
mfwily  when  a  current  is  allowed  lo  p^ss,  is  called  an  inconstant  cell.  In 
4xder  lo  obviate  the  polariution,  we  must  so  choovc  our  clecuolytc  that 
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ibe  cbeoika]  pmemci  wbich  take  pUce  witcn  a  current  paiues  6^>  bM 
cause  the  acciunulatinn  of  t1i«  knu  on  ibe  dvciroitn  in  n>c))  a  way  at 
l»  intreaM;  Ibc  rcwiunte  or  <l«cTcaic  the  contact  ilif^rcncH  nf  pMential 
bctnc«D  \\w.  clrcirndei  and  lh«  clcctrolyie.  CcUt  wlikb  fulfil  ihitcoo- 
diiiun  mote  Ar  lc»  coropkicly  and  are,  ai  aoy  rate  ai  lirKt,  fice  fmn 
poltuiMition,  and  of  constant  E.M.F.  even  after  sending  a  current,  are 
called  constant  cells,  tnd  we  tliall  now  proceod  to  dcwrribe  wasna  d 
tbe  coinmoner  forma  of  tuch  cells.  It  must  be  rtinembeied  that  there 
mtisl  alirays  be  a  decrease  in  the  difference  of  potential  lictwecn  ihc 
poicn  numerically  equal  to  rC,  where  r  is  the  retiiittance  of  the  cell  and 
C  tbe  current  wlrich  vt  passing.  Thix  nji^Kirent  rediiition  in  the  E.M.F. 
is  due  to  the  ttct  that  the  liquid  of  lite  cell  has  apptt-ciabic  rc&isiancc. 
and  hence,  tiy  Ohm's  Ian-,  a  certain  proportion  of  the  ii\'ailablc  E.M.F. 
has  to  be  employed  in  driving  the  current  thnii^h  ihc  liifuid,  that  is, 
in  moving  the  H  ioo»,  in  the  simple  cell  previously  considered,  to  tbe 
copper  pole,  and  the  SO,  ioiii  to  the  iiiic  jiolc.  This  etlea  beinj;  quiic 
bdependcot  of  the  polarisation,  will  not  be  cffccied  by  any  chanicc 
calculated  to  diminish  the  polnrisation,  and  ciiu  only  be  reduced  (o  a 
minimum  by  makiiii;  ilic  teiiiiancc  of  tlse  liquid,  that  is,  r,  as  snwll  as 
pos-'ihlc. 

&&I.  The  Danlett  Celt.— This  foim  of  cell  consitu  of »  me  pUie 
dipping  in  a  solution  «f  sulphuric  acid  or  linc  sulphate  and  a  copper 
plttte  in  ,1  solution  of  copper  sulphate,  the  two  solutions  bernj;  prevented 
bom  mixing  by  the  interposition  of  a  partition  composed  of  porous 
eaithenKJue.  In  soioc  fonns  of  ihc  cell,  called  jfiavity  Danietls,  the 
porous  partition  is  done  away  nitli,  the  copper 
pbtc  Cu  (Fig.  517)  licinjj  placed  M  tlie  bottom 
of  a  glass  vessel  and  coveted  with  a  saturated 
solution  of  copper  sulphate.  The  rinc  snlphaie, 
which  has  a  leu  deiniiy  than  the  copper  ml- 
phste  solmion,  floats  on  the  top  of  the  latter 
and,  since  convection  currents  cannot  be 
formed  and  the  prorcis  of  ditTusion  is  very 
slow,  the  solutions  do  not  mix  for  some  time. 
The  negative  pUle  is  fomicd  bj'  a  horiionial 
disc  of  zinc,  7.0.  The  connection  with  tbe 
copper  plate  is  made  by  means  of  a  wire,  a,  which  paste*  down  to  the 
copper  and  i*  enclosed  in  an  insulating  tulie,  generally  of  glass. 

The  K..M.F.  of  the  Daniell  cell  is  due  to  the  sum  of  the  raniact 
differences  of  potential,  Cu/CuSO„  CuSO,'Zo50^  ZnSO,,iZn,  Zn.'Cu, 
knd  ia  about  1.096  volu.  Since  it  is  very  ptohable  that  the  contact 
differences  of  poteiinal  Zn.'Cu  and  CuSO(,'ZnS0,  .ire  very  sniall.  «* 
may  calculate  the  E  M.F.  of  the  cell  l>y  means  of  the  lahle  given  on 
page  81;.  Thus  Cu  CoSO,  -•  4-0.52  nntl  ZnSO,  Zn  -  +0.51,  su  that  the 
E-M.f .  is  1.04  volts,  a  number  agrceini;  appronimaiely  with  (lie  valiK 
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1.096  obtained  by  dirccl  mciinuemenl.  The  K.M.F,  d  a  Danicll  cell  is 
inc-reeued  )rj  incrc.-ii>iii);  llw  sltenxtli  of  Ihc  copper  sulphate  volmion  and 
b)- diluting  the  linc  lulphalc  tolulion. 

When  the  external  ciicuil  of  a  )>;inicll  cell  IB  closed,  so  thai  a  current 
pasM*,  liieiinc  kocs  into  solution  as  linc  ftutplinic,  nliil«  the  kntion  of 
the  copper  sulphate  iiuluiion,  that  is,  live  copper,  is  de|Hi!>iicd  »s  iiieiallic 
copper  on  ilie  copper  plaie  of  the  cell,  tl  will  thus  be  seen,  since  the 
depotiition  of  copper  on  ihe  copper  kaihnclc  will  in  no  u'ay  affect  either 
the  te-snfAiK'e  of  the  cell  or  the  coniaci  dilTcrentu  of  potential  between 
the  copper  solphate  dilution  and  the  copper,  that  the  K.M.F,  of  ihit 
liwiii  of  cell  will  not  be  decreased  on  account  of  polariiation.  When 
the  cell  sendi  a  tufrcr.t  the  SO,  ions,  eiich  catrj'iog  a  charge  of  -  j«, 
ntoi-e  frocti  the  iK^i^hbourhooil  of  the  copper  |h>1c  to  the  linc  pole,  and 
the  copper  iont  whicli  arc  left  Ul  the  copper  pole  .-tre  ileponiled,  K'^'>"fr 
np  their  posi:ive  chnrgc  At  tlic  same  limn  ilic  line  ions  enter  the 
Miluiioa  from  the  dnc  pole,  Ciich  cacrj'ing  a  positive  charije,  and  tliCMr 
positive  ions  together  wiih  the  neg^itii.'e  SO,  ions  whicli  have  inigraleil 
from  itcar  1)10  copper  pole,  being  in  equivalent  proportions  in  the  solution, 
pnveiil  ilie  »c>luiron  becoming  charged. 

652.  The  Grove  CelL— The  posiii\-c  pole  of  this  cell  consists  of  a 
plate  of  plaliouin  in  a  strong  solution  of  nitric  acid,  and  Uie  negative 
pcJc  isa  line  plate  in  a  faiily  strong  solution  of  sulphuric  jvaA  (1  of  acid 
to  10  of  wntei),  ilie  liquids  bein^  separated  by  a  porous  earthenware 
panitioii.  The  K.M,K.  of  thi»  cell  is  about  i.<)j  »olta.  When  a  current 
passes,  the  xinc  goes  into  solution,  forming  line  lulph^ite  niib  ihr.  SO, 
ions  of  the  sulphuric  acid  solution  ;  while  the  H  ions  nutiratr,  cadicarr^-- 
ing  its  pmiiivc  chaise,  to  (lie  platinum  plate,  where  they  v.nt  up  thcit 
cbarKC  >od  ihui  transport  the  CUdcnl  through  the  ce)l.  Tbe  hydrOKCQ 
ifl  not)  howe\«r,  given  off  at  the  plaiinuni,  but  a  secondary  leaction  takes 
piftce  between  it  and  the  nitric  acid,  which  reautia  in  the  coinbin;ition  ot 
ibc  hydrogen  with  part  of  the  oxygen  of  the  acid  tolbim  water,  and  leaves 
an  oxide  of  nitrogen  in  the  mluiion.  Tlie  K..M.F.  of  ihe  cell  gcidually 
falls  olI|  owing  in  the  cxhauilion  of  the  nhricacid  allowing  polariuition  to 
take  place,  as  ««II  as  thcgradiiallyincrcaxinKConccntralionof  the  line  icini 
in  the  solution  diminishing  ihs  potential  fall  from  the  acid  to  the  tine. 

The  Biuiien  cell  is  the  same  at  the  Grove  cell,  except  tliat  the  pou- 
live  pole  cons»U  of  a  plate  of  gas  carbon.  A  solution  of  chromic  acid 
n  sometimes  nsed  in  p'acc  of  the  nitric  acid,  the  action  being  of  a 
similar  nature.  Since  the  pretence  of  chtuniic  acid  tteur  the  linc  does 
not  nmerially  alter  the  tolution  pressure  of  the  linc  ions,  and  does  not 
produce  any  secondary  chemical  action  with  the  one,  tbe  porous  cell 
separating  the  chromic  acid  and  the  sulphuric  acid  solnlion  may  be 
omiiicd.  Tins  fonn  of  cell  is  called  tlie  chranuc  acid  cell  or,  since 
bichromate  of  poiaih  is  sometimes  used  in  place  of  the  chromic  acid, 
chromate  ceil. 
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fifiS,  The  L«olanohd  Cell — The  posiiive  pol«  at  this  c«n  cmiu«i 
of  s  pUtc  of  rarlxin  parked  touikI  wiih  a  tiiixiure  of  pawdRrrd  orbon 
and  inar.g^anese  dloiddc  (MnD^X  The  negatire  pole  c>>n&ist9  a(  linc, 
and  lh«  elccirolyie  11  a  lolution  of  ammonium  chloride  or  sat-ammoDoc 
(NH,C1).  During  iW  pauacc  of  (he  rurrcni  CI  ions  move  tun-ardi  llie 
line,  fonnin;;  liiic  chtotid«,  ithile  Ihc  NH,  ioRs  mtrrt  towards  ihc  rjrbon 
Icaihodc,  where  ihej'  brtak  up  into  aiiiiiionia  (NHj),  which  di(iK>K««  in 
the  »oIuli<ni,  and  hydrinjcn,  whith  cuiiibinc^  wilh  pail  of  tlw  oxyf,-*)!  of 
(he  MnO,  to  form  walcr  and  MnO.  Thu  K.M.F.  of  Ihin  cell  on  open 
circuit  t«  about  1.6  vohi;,  and  with  any  but  ntnall  currcnlt  the  cell 
polari'cf  rnlhcr  rapidly.  After  a  shoit  rest,  however,  the  cdl  recover!, 
and  it  posscKte*  ihe  ifreat  advantage  ihat  no  chcmtca]  aciiofl  f-oe*  on 
when  tio  current  is  paMing,  and  as  ihcm  is  only  one  kind  of  electrolyte, 
diffiision  of  one  cleciinlyic  into  the  other,  which  always  occttra  in  lime 
when  two  eleciTolyiei  are  employed,  docs  not  occur. 

554.  The  Clark  CelL— lliis  cell  is  not  u«ed  for  sending  any  but 
'he  very  smallest  curient*,  but  t»  employed  aa  a  standard  of  E.M.P,,  and 
consists  of  an  nmalgninatrd  tine  an»de  in  a  saturated  solution  of  tine 
sulphate  ami  a  mercury  kathode  covered  with  a  paste  formed  by  mixing 
mercumus  Milpliaie  with  s^tiuiated  line  sulphntc  solution. 

The  form  of  the  Claik  (.cU  recommended  by  the  British  Bnanl  of 

Trade  is  shown  in  Fit;,  h-^-    ''''^  mercury  is  placed  at  the  bottom  of  a 

small  glass  tube,  coniart  beinii  made  hy  means  of  a 

platinum  wire,  which  either  p.-t^ses  down  a  t;lass  tube  or 

is  fused  through  the  bottom  of  the  gUstL    The  mercuroiu 

sutpliate  paste  forms  a  layer,  B,  on  the  surface  of  ihe 

mercury,  while  the  saturated  ZnSOf  solution  C  Aoais  on 

the  top  of  this  piLste.    Tlie  xinc  rod  pass««  throutih  a 

disc  of  cork,  D,  and  the  remainder  of  the  tu1>e  above  the 

cork  is  fillcil  with  marine  glue,  whirh  serve*  to  seal  the 

cell  and  thus  prevent  the  cvaporntion  of  the   soluiion. 

Since  the  cinslancy  of  the  K.M.F.  of  the  cell  depends 

^ig       nn  ibe  tiiK  sulphate  solution  remaining  saturated,  even 

^My        when  the  lemperattire  rises  so  that  the  solubility  of  the 

i-^-Cr  5ali  increases,  ii  is  usual  to  pack  the  space  abos-e  the 

Kio.  sja.  paste  with  small  crj'sials  of  liiic  sulphate. 

The  E.M.f.  of  this  fomi  of  fell,  at  a  temperature  of 
o'  Ct  is  1.4461$  volts,  wiiiie  the  E.M.K.  at  a  temperature  f  C.  is  given  b)' 
Ihe  expression 

/r/=i.432i-ii6xior*.;/-i5)-io-*(/-i5)'. 

The  soniewhat  larne  change  in  llie  E.M.K.  with  lemperattire  is  no  doubt 
partly  due  to  the  change  in  the  solubility  of  the  linr  sulphate  with  tern- 
poraiurc.  and  since  when  the  temperature  rises,  in  order  that  the  formula 
given  above  may  hold,  it  is  necessary  thai  the  solution  should  lentain 
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lalurnicd  at  thb  new  temperature  by  sonw  of  the  crystals  dissolving,  it 

ic  imponant  thui  ihta  solution  should  be  asu&itd  in  every  way,  and  that 

the  line  anode  at  any  rate  should  always  be  in  a  ponton  of  the  solution 

wbicli  b  Mtutnicd.     In  thr  form  of  cell  shown  in  tig.  jiS  tbcfc  \\  A 

tendency  for   ihc   denser   iniiiralcd   «o!unon   to 

aircuaiiilate  on   the  surfnce  of  the   pa»le   when 

the  temperature  \%  raiM^d,  so  that   the  solution 

Mirmiinding  the  linc  may  not  be  saiuraied.    With 

a  view  of  remedying  this  delect,  the  form  of  cell 

shown  in  tig.  519  has  been  <leviied-    "l"he  cell  is 

contained  in  an  H'shapcil  ^itsA  tube,  the  mcr- 

ctuy  A  beins  placed  at  the  bottom  of  one  of  the 

limbs.     An  amalitam  containing  about   10  per 

cent  of  line  »  used  for  the  anode,  and  n  placed 

at  the  bottom  of  the  other  limb,  Zn.    Tlie  use  of 

an  amalgam  in  the  plaee  of  put«  linc  doe^  not 

aRcct  ihc  E.MT.  of  the  cell,  for  11  has  been 

found  that  when  an  alloy  of  two  metals,  such  as 

rinc  and  mcrcuty,  is  placed  in  contact  with  an  electrolyte  it  lakes  up  a 

diHcfencc  of  pnicntini  from  the  liquid  which  corresponds  to  that  which 

would  ociur  if  the  meial  of  which  the  solution  preiture  is  ihe  greater 

(2n)  were  atone  ptCicnt,  *o  long  as  the  oilier  melal  is  not  in  great  exces*. 

Communication  is  nude  with  the  mercury  and  the  amalgam  by  means 

of  jdatinum  wiren,  which  are  fined  ihtouKh  the  bottoms  of  the  limbs  of 

the  glass  containing  vessel.    The  mcririimiu  sulphate  paste  11  is  placed  on 

the  top  of  the  mercury,  and  a  layer  of  iin<:  siilphnie  crj'sials,  c,  is  placed 

above  the  amalgam,  so  that  when  the  tciupcraiure  alters  the  toliuion  may 

remain  saturated.     In  this  form  of  cell  it  will  be  noticed  that,  as  the  iine 

is  below  the  solution,  the  denser  saturated  solution  will  fall  aiid  cover  il>e 

mc,  so  that  the  solution  near  the  rinc  surface  will  always  be  s.iiuraied. 

BM.  The  Cadmium  Celt— This  is  another  form  of  cell  used  iis  a 
standard  of  electromotive  force,  and  not  to  furnish  a  current,  and  it  pos- 
sesses the  advantage  oier  the  Clark  cell  that  the  F..M.F.  changes  much 
less  H-iih  tcmppratureL  It  consists  of  a  mercury  kathode  covered  with  a 
paste  fotmed  of  mercumus  sulphate  and  n  s.tiiiraied  solution  of  cadmium 
wlphate.  The  anode  consists  either  of  a  rod  of  cadmium  or  of  an 
ant&lgam  of  cadmium,  white  the  elecimlyie  in  which  the  cadmium  la 
placeid  is  a  saturated  solution  of  cadmium  sulphate. 

The  arraiifiement  of  the  materials  to  form  the  tell  is  exiiclly  the  satne 
as  that  adopted  in  the  case  of  the  Clark  cell.    The  E.M.t'.  of  ilie  cadmium 
Ji,  at  a  temperature  t  C,  is  given  by  the  expression 

^r/-l.of84-3.8xlO-^/-ao)-ao65Xlo■•</-3o)■. 

666.  BeverslbUlty  of  Celts.— If  a  cumtnt  is  passed  through  a 
il  cell  by  means  of  an  external  source,  so  as  to  enter  the  cell  at  the 
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copper  pole  and  leave  by  ibe  linc  pole,  tlw  chcmtca]  rcartiont  which  will 
Uk«  place  will  b«  exactly  ibo  re^-cnc  of  tliuM  ilui  occur  uhcn  ihc  ctH 
itself  sTod*  n  cuireiit,  fur  llie  ra^^t  will  be  ilUtotvrd  lo  iatm  coppf 
Biilphntc,  nnd  the  linc  drpuoittMl  fratn  the  linc  uilphiite  «>lulton.  HltK^ 
paving  an  clccinc  current  in  the  rcverae  direciion  ihrouKli  a  Daniell  cell 
of  the  type  7-n,  ZnSO,,  CuSO,,  Cu,  is  accompanied  by  clxMiiIcal  chanft* 
such  thai,  nhcn  the  rdl  li  it»clf  allownl  lo  send  n  cunral,  ll»e  im-cne 
chcmicjil  ch.kit):<r«  take  pUcc  Thvn  pan  al  any  rate  of  the  enerf^  ipenl 
in  sendli^  the  oriKiiwl  current  ihmui;'^  ^^^  ^"  ■*  stored  ap  in  *adh  a  way 
that  it  nuy  al  a  futtlre  time  l>c  rrironvcited  intn  el«Ltt!caI  enerjiy.  Anr 
Other  fonn  ofccll  may  W  used  in  iheuune  way,  prm-ided  ihc  prixiucw  of 
Uie  chemical  aciioiM  which  take  place  duria^  the  wotkinit  of  the  ceil  an; 
rcla!ne<l  either  oa  the  elccitodrs  or  in  ihe  electrolyte,  and  arc  not  ([iiMi 
off.  The  simple  voltaic  cell,  consistinK  of  a  ptaie  of  cupper  and  one  of 
line  in  dilute  idpliuric  acid,  is  not  teversJMe,  since  Ibe  hydrofrcn  wliirii 
ii  evolved  at  the  kathode  when  the  cell  is  MrndinK  a  cunrcni  csca|>rs  in 
the  Kateau«  fonn.  A  form  of  cell  which  is  tipecially  desiifned  to  store  ap 
electrical  cncr){y,  hi  that  it  can  be  recovered  at  a  subic(|ueni  time  in  the 
fbnn  of  n  rurrent,  it  called  a  Morage  cell. 

&&7.  The  Storaire  Cell.— The  cunimoneil  fbnn  of  «onKe  or 
sccondiiry  cell  toiiiisis  of  two  lead  grid*,  the  intcrslices  beini;  filled  with 
Iea>l  sulphate  forriiCil  by  making  a  paste  with  one  of  the  oxides  oi  tead, 
Iilbai);e  or  i-ed  lead,  and  dilute  sulphuric  acid,  These  platen  arc  immertcd 
in  a  dilute  solmion  of  sulphuric  acid,  and  then  a  current  is  pasH>d  through 
the  cell  from  one  plalc  lo  the  other.  Dutiny  the  p.-is<agc  of  the  currtoi, 
the  hydrogen  )on«  of  the  ^ulpliunc  add  travel  to  the  kaiho<lt,  where  they 
TC.-ict  on  the  lead  -tulphaie,  forming  sulphuric  acid  and  metallic  lead, 
which  remains  in  ibe  inlentices  of  the  plate  in  a  very  spongy  condhiML 
The  SO,  ions  travel  lo  the  anode,  where  ihcy  also  react  on  the  lead 
sulphate,  forming  peroxide  of  lead  and  sulphuric  acid  according  to  the 
equation 

PbS0i+SO,+aH,O-Pb0,  +  aH,S0^ 

The  peroxide  of  lead  is  leA  in  the  inier^licei  of  the  gri<l 

When  nearly,  if  not  <|uile  all,  the  lend  Milph.ite  on  the  grid*  h.is  been 
cliangcii  in  ihis  way,  the  hydrogen  ioni  will  be  liberated  al  the  k^ibodc 
in  the  form  of  gas,  while  at  the  aiiodr,  owing  lo  liie  secondary  reaction 
between  the  SO,  inns  and  ihe  water  of  the  iolution.  wMch  Itas  already 
been  referred  to  when  considering  the  ciccltolysis  of  dilute  mlpburic  acid 
between  plalinum  electrodes,  oxygen  n  liiwmtrd.  When  lhi>  evolution 
of  gases  occiiri,  the  cell  is  no  longer  working  in  a  rci'crsible  manner,  and 
it  has  received  the  maximum  ch.irge  of  whirh  it  is  capable. 

If,  after  being  charged  in  this  way,  the  plates  are  connected  by  a  con- 
ducting wire,  a  current  will  he  obtained  in  the  reverie  direciion  to  that 
employed  to  charge  the  eel),  (be  chemical  changes  taking  place  in  (he 
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reverse  direclion,  the  spongy  metallic  lead  becoming  converted  into  the 
sulphate,  and  the  peroxide  also  forming  the  same  compound. 

TheE.M.F.  of  a  freshly  charged  accumulator  is  about  3.1  volts,  which 
gradually  falls  to  about  1.8  volts  as  the  discharge  goes  on.  The  lead 
accumulator  is  3  wonderfully  efficient  means  of  storing  energy,  since 
about  80  per  cenL  of  the  energy  spent  in  charging  the  cell  is  recover- 
able if  the  discharge  lakes  place  within  a  fairly  short  interval  after  the 
charge.  The  disadvantage  of  the  lead  storage  cell  lies  in  the  fact  thai, 
owing  to  the  considerable  changes  in  volume  which  take  place  in  the 
active  material  during  charge  and  discharge,  the  grids  disintegrate  pretty 
rapidly,  and  hence  the  expense  of  the  renewals  of  these  plates  has  to  be 
taken  into  account  when  considering  the  efficiency  of  the  cells  from  a 
practical  standpoint. 


CHAPTER    XVII 
ENERGETICS  OF  THE  VOLTAIC  CELL 

BSS*.  Source  of  the  Energ^y  of  the  Current  given  b;  a  Voltaic 
CtlL  —  We  have  considcmi  ilie  qiicMioii  as  lo  hovr  the  E.M.F,  of* 
voltaic  c«ll  is  pntdiitrd,  nnd  now  wc  have  to  consider  man:  m  del.il]  ffxn 
whence  tlie  crnTj;>'  ni-tcwary  for  tlwj  niaiiittiuiticc  i>ra  current  i«  deriroL 
This  energy  is  evidtmly,  in  part  al  any  ralc,  derived  from  ihe  cocrjn'  "f 
llic  clieniiotl  prcM«MC3  wliich  lake  place  in  ihe  cell  during'  iIk  litiit  «h«i 
it  \i  sending  »  current  In  ^  2:S  wc  have  coniiidcrcd  the  energy  wbicli 
isllbeTalcdornli^orbcd  during  rcrtAin  chemical  rtMngM.xnd  llw  iiuMlion 
ariMs  as  to  the  connecilon  between  the  total  (juantity  of  eacigy  whicli  it 
evolved  as  heat,  when  the  reaction  takes  place  without  the  produciioa  of 
ail  electric  current,  and  the  eneigy  represented  by  the  current  when  lliit 
is  produced.  It  wax  ihouKht  fur  sunic  time  that  Ihe  whtite  of  the  cnetgir 
cnrrc»|Kiiidint!  to  any  chemical  change  wns  convened  into  ct4Ylrial 
energy  when  the  dinngc  took  jJacc  in  n  voltaic  cell,  and  the  fact  thai 
tlic  E.M.F,  of  the  Danicll  cell,  when  olculaied  on  this  h^polliesia  from 
the  ilicrmn-riicinir.-il  iin\A  for  the  c1ieniic<(t  changes  which  talw  place  in 
this  ctll,  agited  very  well  with  the  value  as  obtained  !>>'  direct  meaMitt- 
iiient,  sup|>orlcd  this  view. 

Thus  ti'  g  iiS  wc  li^ivc  seen  that  when  65  grams  {one  gram  atom)  of 
line  are  dissolved  in  dilute  sulphuric  add  arcnrdiiig  to  the  equation 
7.n  r  H,SOj  =  ZnSO,  i  Hj,  38.0A6  calorics  are  evolved.  Exprriment  h** 
thown  (hat  when  63  grains  of  copper  are  f«nvprlcd  into  roppcr  sulphate 
in  solution  in  water  actoriling  to  the  equation  Cu  +  H,SO,  =  CuSO,  ■  Hp 
12,500  calorics  arc  abiMivbed,  xo  that  t;,;co  calnric*  are  evolved  when 
CUSO4  is  split  up  into  Cu  and  H,SO(,  Hence  when  one  ei]uivalcDl, 
that  is,  since  linc  if  3  diad,  65,'!  grams  of  rinc  art:  I'onveried  into  the 
sulphate,  while  at  the  same  lime  one  equivalent  of  copper  {63^3  sranu) 
is  deposited  from  the  »ulphKi^  ^VH  *  biyt^iiMi  caloricB  are  on  the 
whole  evolved. 

Now  the  reactions  considered  above  are  those  which  go  on  in  the 
Daniell  cell  when  it  is  sending  a  current,  and  we  have  seen  that  the 
<jU8ntitics  of  line  and  copper  considered  above,  are  dissolved  and  pre- 
cipitated iTspccrively  when  96.550  coulombs  of  elcctricily  pass  through 
the  cell.  If  the  E-M.K.  of  the  cell  !i  /;' volts,  then  ilie  passage  of  96,550 
coulombs  of  elcctricily  will  correspond  to  965  50  x  i<f  x  £  ergs,  for  one 
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volt  it  equal  to  \xf-(,i;s.  uniti,  and  one  coulomb  is  icr'  cg^.  unit*.  If, 
then,  tlie  whole  of  the  energy  cone«pnndtng  10  i]i«  rheniical  itaction  is 
convened  into  efectrital.  we  sliall  liait,  since  J5,jHj  calories  vi  equal  to 
aj^S^xH-axio'erE^or  1068  >■  lo'crj-s, 

965Soxio'A'=io68x  lo*  ergs 
■■^106800 
"  96550 

=  1. 1 06  volts, 

No*-  direct  measuremcBt  lias  given  iJic  value  1.096  volts  for  the  £,M.F. 
of  a  Daniell  cell,  so  thai  in  this  case  ii  would  wem  iliat  llie  electncat 
energ)'  of  iJie  cell  is  r*\\iA\  to  the  diemicid  energy  corrcspondinK  to  the 
reactions  which  ga  on  in  the  cell  during  the  pa»aj;e  of  ibe  cunem. 

When,  howe%*er.  ihc  same  method  i)f  calculation  cajne  to  he  applied  to 
other  fonnii  of  celU  it  wax  found  th.-ii  the  E.M.F.'n  calmlntcd  on  thi* 
hypothesis  differed  from  ihc  obsen-ed  intiies  by  more  than  roiild  he 
accminied  for  hy  eccoi^  of  experiment.  The  rcainn  for  these  differences 
was  shown  by  Hclmholii  lo  Vie  due  10  the  fact  that  the  liypoihe«is  that 
the  electrical  and  chemical  entrjiies  were  in  all  cases  exactly  equal  was 
not  tiue.  He  shou-ed  thai  this  was  only  true  in  ihc  cat;  (if  cells  in  which 
ihe  r„M.F.  docs  not  vary  with  the  Icnijieratuie,  the  Dnniell  being  a  c«U 
of  this  kind. 

In  Older  lo  see  the  rc.ison  for  thin,  we  may  consider  the  ease  of  a 
revet«iblc  rcll  in  nhtch  all  the  rhcmiral  chan(;es  thai  lake  place  when 
the  cell  is  al)o«<ed  10  send  a  ciiireni  can  \k  reversed  when  a  carrent  is 
tent  through  tlie  cell  in  the  reverse  ditrciioii. 

Suppose  that  when  the  teinperaltiro  of  the  cell  Is  Tf  fon  the  abuihite 
kaIc)  il>e  E.M.F.  is  l-\,  and  ihai  when  the  temperaiurc  n  reduced  lo  7", 
ihe  E.M.F.  bill  to^V  If  now,  when  the  tempeniiiiie  of  ihe  cell  is  T^,  il 
be  alloweil  to  send  a  eurreni  lill  Q  unii*  of  deciricity  have  passed,  the 
»Wtk  done  i»  QKf,  and  is  represented  by  the 
area  of  tl»c  remangle  Aimo  (,V\g.  530).  Now 
In  Ihe  temperature  of  ihc  cell  be  reduced  to   1 


r,  so  that  the  K.M,F.  is  H^  and  let  a  quantiiy 


B 


of  eleciricity  Q  be  passed  throu^-h  the  cell  in 
Ihe  revcrac  ditcclion.     The  work  which   will 

have  to  be  done  will  l>c  yA,.and  it  icprcienled        rX ^ 

by  the  reclanglc  cmiM.      Dunnu  the  pas^af;e 

of  [his  eleciricity  in  the  reverse  direction,  ihc 

chemical  changes  which  l»nk  place  in  the  cell 

durinx  the  time  when  it  was  sendin);  a  ciirreni  Q       • 

«rin  be  exactly  reversed,  so  ihat  if  the  c«ll  bo  Km.  jya 

aow  healed  up  to  the  temperature  7*1  it  will 

be  in  es^clly  ihc  same  condition  as  that  in  which  it  was  At  the  ct.lri, 

Ibl  i*,  i(  will  have  been  carried  through  a  cyi^  of  openition*  (g  160^ 
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Since,  ai  ibe  cdl  ii  a  revenible  cell,  none  of  ibc  prodacts  of  the  donucil 
chnni[«i  « hith  ro  on  duiinK  the  pftMajfr  of  a  cnrrcflt  aaip«  from  ihe 
cell,  and  niso  since  ihe  ckmcnn  rjiiri'  their  utrank  tieata  into  their  twn- 
pounds  it  will  require  the  same  quanitly  of  heat  tu  taise  tli«  temperaluie 
of  the  cell  from  7', to  Ty  as  it  did  to  cool  it  from  7*110 /'aiindhencelhew 
opeiatioiis  exactly  balance  one  another  and  need  not  be  considered.  Alio 
any  external  work  dune  on  account  ofchange  of  vnliime  will  be  ncf^lifibtt 
A  coiiMderation  of  tlie  dinginm  «how«  that  an  amount  of  externa)  weik 
represented  by  the  rccuiiRle  ABCIi  has  Isen  done  durinj;  llic  cj'cic,  and 
nnce  the  citemic.-il  stale  of  the  cell  is  the  sftme  at  the  end  as  at  the 
Mart,  it  follows  that  this  work  cannot  have  been  done  at  the  e:)>penscof 
chemiral  enet>;>',  but  niu&t  liat'c  1>ceii  derived  front  Mune  other  Mtiitt 
In  other  words,  the  electrical  enei):)'  ni  the  cell  when  it  wax  landing  * 
current  iiuisi  have  been  greater  than  the  cheinit:;d  energy  corresponding 
to  the  chemic;i)  changes  which  look  place  diirinji:  ihc  passa^-e  of  iKu 
current. 

Next  suppose  that  the  E.M.F.  of  the  cell  decreases  as  the  Icmpenuuit 
inCTcnies,  -na  that  when  the  lenipcrature  is  7',  the  ILM.F.  is  rcprctcmn) 
by  oil,  while  when  the  leinperaturc  is  7',  the  K.M.K.  i>OA,  Then,  if  when 
the  cell  is  ai  a  lempemturc  7*,,  it  is  nllon-ed  to  send  a  current  till  Q  unitt 
of  elcciriciiy  have  passed,  the  work  done  will  be  represented  by  DCWOi 
while  the  work  which  must  l>c  done  to  drive  Q  unit*  in  the  reverse  dlrec- 
lion  when  lite  temper>iluie  is  luweted  to  7",  is  represented  by  xtMn. 
Hence  in  this  ca»e  niotc  work  h;Li  lo  Iw  done  by  the  extcniat  source 
than  is  done  by  Ibe  cell  when  such  a  cycle  it  Iravcnnl,  that  is,  ihc 
electrical  energy  which  Ihc  cell  supplies  is  not  as  yrcai  as  would  he 
cjipcncd  from  thcnno-chcinical  data. 

Since  energy  can  neither  lie  created  nor  de^tioyed,  ii  follows  that  in 
ihe  first  ca^c  considered,  namely,  when  the  E.M.F,  of  the  eel!  decreased 
with  decrease  of  lerriperalure,  since  more  work  is  done  by  ibe  cell  when 
aendin;;  the  current  than  is  supplied  b>-  the  chemical  changes  which  lake 
place,  the  extt:i  energy  will  have  lo  he  supplied  at  the  expense  of  the 
heat  of  the  cell,  so  that  if  no  outside  heat  is  supplied  the  cell  will  get 
cooler  as  the  current  passes,  or  to  keep  it  at  a  constant  tctnpcraiuic  lieat 
must  l>o  supplied.  In  the  second  case,  wheie  inci-ease  of  tompeiaiuie 
cause!  decrease  of  K.M.F.,  ihe  opposite  is  the  ca»e,  and  the  cell  sill  get 
hatter  when  sending'  a  current,  and  lo  keep  its  temperature  constant 
hent  must  be  abstracted. 

liy  means  of  the  scaind  law  of  therrao-dynamics  it  ii  pofKiblc  to 
calculate  the  quantity  nf  heal  which  must  he  supplied  or  nhsiracted  in 
ihis  way.  Consider  the  first  case,  where  the  temperature  coefficicm  of 
the  cell  is  positive,  thai  is,  where  increase  of  tcmpcmture  is  accompanied 
by  increa.ie  in  the  E.M.F.  Here  hem  has  lo  he  supplied  while  the  cell 
is  p.issinK  from  the  condition  represented  by  the  point  A  to  that  repic- 
scQtcd  by  u,  and  abstracted,  since  we  are  now  ending  the  current  in 
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ibe  reverse  direction,  while  p.-uwni;  from  c  to  D.  Let  //,  be  tli«  Ucnt 
(iiiftuured  in  crgst  supplied  ;it  the  icmpcmture  7",,  and  //,  ihe  licai 
atMlracttd  At  the  lompetaturc   T^  then,  by  the  second  l.tw  of  tbemio- 


dyaamics  ($  361), 


Bui    //|  -  //f  it  the  hcAt  used  during  ihc  cycle,  and  is  equal  to  the 
rectangle  Attci),  which  we  have  seen  is  ctiua!  to  Q(,£,  -£"1).     Hence 


or 


//..QT-.f^^ 


Bui  ,,' — =1  is  the  nue  of  change  of  the  E.M.F,  of  ih«  cell  with  leinpera- 
tore,  thai  h.  ihe  temperature  coefficient.  »ii  that  if  n«  represent  this  by 

,--,  and  if,  riinhcr,  wc  take  i2  as  one  unii,  wc  hnvc  that  the  quantity  ot 
0/ 

h«it  A  converted  into  electrical  encr^  during  the  passage  of  the  Qnil 

quonlity  of  electricity  Is 

A-7jj^ 

f  the   E.M.F.  decreases  wiih  increase  of  leinperatiirc,  m  tbai  the 
lenipcraiuie  cuedicicm  i&  acKaii^i  *c  have  »imply  10  diange  the  siga 

Hence  if  -f  is  the  toul  qiianiiiy  of  heat  produced  by  the  cbcmical 
changes  which  go  on  in  a  rrtt  during  the  pdiMAgc  of  unit  quantity  of 
ckctriciiy,  and  £  la  the  E.M.F.  of  ihc  cell,  the  following  equation 


^jrill 


bold:— 


**il-^ 


Thus,  in  order  to  be  abl«  to  calciilate  the  E.M.F.  of  a  celt  from  therrao- 
chemical  data,  it  a  ncccuary  to  know  the  temperature  coefficient  of 
Ibe  cell. 

Since  in  the  ewe  of  the  Daniell  cell  (he  E.M.F.  calcnlaled  without 
lakinff  nccoiint  of  thc!  cffrct  of  the  icnip(>nture  coefficient  agrees  with 
llie  obser^'ed  value,  it  is  evident  ih^t  in  the  cnnc  of  thi.»  ccH  the  E.M.F. 
can  only  vary  v*r>'  little  with  temperature,  and  experiment  has  shown 
thai  ibis  i*  the  case,  the  tcmpCT-.itiirc  tocffittciit  l>eing  +0^000034. 

550'.  Experimental  Verifleation  of  the  Helmholtz  Fonnula.- 

TTn)   ditcrt   exporiiiicnla!   verifidilion.  by   treans   of  tliennal   n>e!iiUf 
mcnis,  of  (he  correclncu  of  Hclmbulti's  exprcMion  for  the  diller 


Magnetism  and  Electncttr 


ess8 


Since,  a,i  ilio  cell  n  a  ravtnriblc  cril,  iinnc  nf  ihc  praAaet*  <i(  ihe  cbamial 
4:hangM  nliicli  go  on  during  the  pavuifiT  of  ft  current  racape  from  ib; 
cell,  and  a!w  since  lli*  cleinenu  carry  tbeir  utimiic  hest«  inio  ibeir  cmt- 
pounds,  it  «41l  ie<)uirc  llie  »me  qiautily  of  beat  lo  rai»e  tlw  (eroperalun 
nf  the  cell  from  r,ta  T,  uit  did  lo  nxd  ilfrotnT',  (o  7'^  and  hence  theK 
operaiioiu  exacily  bnlance  one  another  and  need  not  be  nNixidctvd.  Also 
any  exiemal  work  dnneonaccount  of  chanjfc  of  vnlimie  willbencglijiible. 
A  consideration  of  the  dini;niin  shon-*  thai  nn  amoiini  of  external  wort 
repicsenied  b]r  the  iccian^le  Ancii  ha«  Iwcn  clnne  during  tite  c}-r!c,  inti 
»ioce  ii>e  cliomical  Mate  of  tlie  cell  h  ilic  uimc  at  the  end  m  at  tbt 
start,  ii  follow*  that  tliis  work  tannot  hm'e  been  done  at  the  expense  oi 
chemical  ener|:y,  but  must  have  been  derived  from  tome  other  sourer. 
In  otlier  words,  the  clccirical  energy  of  the  cell  when  it  was  sciuHiiK  > 
current  iittisl  have  been  stealer  than  the  chemical  enerny  curretpundinf 
to  the  chemical  chaiiji[c«  which  tocdc  place  during  the  posMge  of  thii 
cuncni. 

Nejil  suppose  that  the  E.M.F.  ofthecell  dectvuei  u  the  tempenrtore 
increases,  so  that  when  the  tempctaturc  i*  T,  the  E.M.F.  is  represented 
b)- oil,  while  when  the  tcmpciatun;  is  T,  the  E.M.F.  is  OA.  Tlwn.ifwhen 
the  cell  is  at  a  temperature  7*1,  it  is  allowed  to  Mtntl  a  current  till  Q  unitt 
of  electricity  ha>e  pasMd,  the  n-ork  dune  nill  be  represente<l  liy  acva, 
while  the  work  uliicli  must  \>r  done  Ici  dtivp  Q  units  in  the  tct-crse  diiec- 
tioti  when  the  leinperatutc  is  lowcicd  to  7(  is  represented  liy  aBMOi. 
Hence  in  iliis  cjisc  more  work  has  lo  be  done  by  the  external  soarcc 
llian  is  done  by  the  cell  when  siKh  a  cycle  h  traversctl,  that  is,  the 
electrical  energy  »h>ch  the  cell  supplies  U  not  as  jjieal  as  wotild  be 
expected  from  thenito-cheinical  data. 

Since  enerHy  can  neither  be  cicaie<1  nor  destroyed,  it  follows  that  id 
the  first  case  tonsidtrcil,  namely,  wlietl  the  E.M.F.  of  llie  cell  decreased 
with  decrease  of  leinperature,  since  more  work  is  done  by  the  cell  wticn 
sending  the  current  than  is  supplied  by  the  chemical  chanijes  which  take 
place,  the  extra  energy  will  have  to  be  supplied  at  the  expense  of  the 
heat  of  the  cell,  so  ihnt  if  no  outside  heat  is  supplied  the  cell  will  get 
cooler  as  the  current  passes,  or  lo  keep  it  at  a  constant  temperature  heat 
must  lie  supplied.  In  the  second  case,  where  increase  of  temperuiure 
causes  decrease  of  E.M.F.,  the  opposite  is  the  case,  and  the  c«II  will  get 
hotter  when  sending  a  current,  and  lo  keep  its  temperalutc  constant 
heat  must  be  abstrarted. 

By  means  of  the  second  law  of  thcrmo-dynamics  it  i'«  potsible  to 
calculate  the  ijuantity  of  lieat  which  must  Itc  supplied  or  ahttracted  !■ 
lliit  way.  Consider  the  firit  ca»c,  where  ilie  lempor^iture  coefficient  ol 
the  ceU  is  positive,  that  is,  where  incTrase  of  temperature  is  acconipanicd 
by  increase  in  the  F,.M.F.  Hcic  he.it  has  to  be  supplied  while  tlie  cell 
is  passing  from  the  condition  represented  by  the  point  A  ta  that  repre- 
sented by  n,  and  abstracted,  since  we  arc  now  sending  the  cument  in 
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the  revence  direciion,  while  ptusinj;  fmm  c  to  D.  i«l  //,  be  ihc  hm 
(meA»urc<l  in  eigsl  supplied  ni  ihe  lemperaiiire  T",,  and  //,  ihc  ht-at 
absirtcicd  at  Ihe  tempcraiutc  7",  ihcn,  by  ihe  second  law  of  iliermo- 
dyn(unic6(S  361), 

But  Hi- tlj  is  the  heat  used  during  Ihe  c>'cte,  and  is  equal  (o  the 
rcclaii)flc  AliCl),  which  \vc  have  seen  is  c(|ual  to  i>{£x  -  i"i).     Hence 

"1        ^1  ' 

But  ^.* — rib  the  n(«  of  chaiijc  of  the  E.M.F.  oftheoell  with  lernpen- 
tare,  that  i«,  the  temperature  coefficient,  s»  that  if  ue  represent  this  by 
,    ,  and  if,  funhcr,  we  liikc  Q  as  one  unit,  we  have  that  the  quantiiy  of 

beai  k  mnvcrled  into  electrical  energy  dnriog  tlie  parage  of  tbc  unit 
quantity  of  electricity  is 

A-7-^ 

If  the  E.M.F.  decmscs  with  increase  of  lempetatuie,  so  thai  the 
tenipeiature  coefficient  is  nc^-'^tit'c,  wc  lia>G  simply  to  cbaiiife  the  »i|;n 

of 


HcDCe  i(<f  is  the  tolat  quantity  of  hcU  produced  by  ihe  chemical 
changes  which  %a  on  in  a  cell  during  the  passage  of  unit  (|Uuntily  of 
electricity,  and  E  is  tbc  &M.F.  of  the  cell,  the  following  equation 
wiUbold:— 

Thio.  In  order  to  be  able  to  calculate  the  E.M.P.  of  a  cell  from  thermo- 
chemica]  data,  U  13  oeceuary  to  know  the  tcnipertlure  codBdent  of 
ibe  cell 

Since  in  the  case  of  tbc  Daniell  cell  ihc  E.M.F.  calculated  u'ithoin 
talcing  account  of  the  effect  of  the  icmpcniurc  coefficient  agrees  with 
the  observed  value,  it  U  evident  that  in  the  case  of  thi*  cell  the  E,M.F. 
can  only  \'itry  ver^'  little  with  temperature,  and  enpeHmeat  has  abown 
that  lliii  is  the  caM,  the  tem;ierature  cocfficiCTit  beinK  -f  0./MOOJ4. 

669*.  Bxperlmental  VerlBcatlon  of  the  Helmhottz  Formula.— 

The  direct  experimental  vert fir.i lion,  by  mcani  of  thetttial  meaiure- 
menti,  of  the  correcincM  of  Helmbult^s  exprcuHHi  for  the  diffierenoe 


: 


I 
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bcKrecn  ihc  ekct'ic'il  energy  avaiUble  in  a  cell  nnd  ilie  clKnol 
ennK^  curreipotiding  lo  ibe  pronascs  whicli  go  an  in  ihe  cell  dim^j 
the  lime  it  \%  in-iiiliiiK  u  cuTrenl,  liafr  bvcn  underlaken  by  Jaliii.  Ttx 
celt  tu  be  cxanimcd  ira^  p^(«d  within  a  [iiinKtrii's  icc-cakutintKI 
(S  iti),  uhiie  thete  i»*rc  two  »t«roal  drcuiis  alh 
cnnlaiiiinK  a  galvanometer.  One  of  tbcic  ciroult, 
Aii,Ii  (Fig.  531),  vms  of  low  mblsncc,  ttnd  the  ollKt 
Ati^i,  of  very  hiijh  re»i»taiKc.  Tlii*  beinjj  »o,  prat- 
licaily  the  whole  of  Ihe  current  sent  by  ih<r  rcU  poun 
ihruM^'hihe);jilvanonictcru„ai]cl  this  readiDK  nf  ihejpl- 
vanonieier  sen-cs  to  inejisute  ihe  current  |Ki»sii%.  TTx 
\«i>-  binatt  curr«Dt  nhich  paue^  ihraugh  the  high  itset- 
ancc  Kalvnnnmcicr,  O,  i«  propnnional  to  the  dilfciearc 
ilk  pciirniiRl  between  the  points  A  and  B,  so  thai  ibe 
deflt-ction  of  this  cnlvaiiomL'ter  scn-ei  to  m^uuic  Ik 
diflcreiK.'e  of  polential  belweeii  A  and  8. 

Lei  C  be  the  current  seni  by  the  cell  and^  ibr  dif- 
ference in  p<itentiid  between  the  poinli  A  and  B  when  this  cuitcce  b 
IMSsinK-  Of  courae  t  will  he  less  than  the  F..M.F.  E  of  ibe  lell  on 
open  circniil,  since  ihc  cell  itself  has  resistance  ak  well  as  the  wiiei  win- 
neciinf;  the  poles  lo  the  poinit  a  nnd  11,  And  ihercfbas  according;  i" 
Ohm's  law,  there  will  be  a  £all  of  puiFniial  when  a  current  is  paMinf- 
Thc  heat  developed  in  the  bninch  a(<,b  in  tlie  lime  t  vill  he  equal  lo 
*Ct  ill  electrical  unll»  or  utti  in  calories,  where  u  is  the  Vidue  of  one 
joule  in  ralorie.*,  that  is,  0.33S7.  If  r,  is  ihc  reuslance  of  the  wires  con- 
necting the  terminals  of  ihe  cell  with  ihe  point*  \  nnd  11,  betu-cen  whidi 
t  it  iiieasutedi  the  energy  spcni  in  thc&c  wires  during  a  lime  /  will  Ic 
by  Joule's  law  r^Ol  joules,  or  0^,(7'/  e.iloiies.  Hence  ibe  total  energy 
cxi)ended  by  the  cell  on  tlie  portiom  uf  ihe  drcutt  ouUide  the  calori- 
meter  is  aC{/+  Cr^l. 

In  addition  to  the  heat  dc^-cloped  in  the  external  circuit  »f  the  rell, 
there  will  be  heal  developed  within  the  cell  iltelf,  owing  to  the  pn^sajce 
of  the  current  through  the  electrolyte,  and  if  r^  is  the  resUtanc«  kS  the 
cell,  the  quantity  of  heat  developed  in  ibis  way  will  bo  «r,C*/  calorics^ 
The  total  lieal  developed  in  the  circuit  will  thus  be 

and  thit  represents  tlie  tutal  t|iiantity  of  energy  transformed  dvir!nf>  the 
paKsafic  of  Ct  units  of  eleclticiiy  ihtounh  the  cell.  We  have  seen  in 
§  550 that  if  1-.  is  ihc  E.M.F.on  open  circuit  of  a  cell  of  which  tbe 
internal  resistance  i»  r^,  then  the  K.M.F.  between  ihc  lenninals,  wbeo 
it  is  sending  a  current  C,  is  K-rjC,  so  lliat  the  difTeicncc  of  potential 
between  the  points  I'N  (Fig.  531)  is  li-r^C,  where  E  is  the  F..M,F.  of 
tbe  cell  tncaiurt-d  on  open  circuit.  .Shice  ihe  resistance  of  the  tn^ 
mres  TA  and  HN  i*  r^,  there  will  be  a.  further  decrease  in  the  difference 
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of  poicniJAl,  equal  to  fiC  »o  that  the  diflercnu  of  poiential  beivreen  the 
points  A  and  li  wUl  be  git'cn  by 

*.i---C(*-,+/-J. 
Hence  £=<+CX''i+»'iX 

aiMl  therefore  aC(*+0-,)/+«r,C/=aC£/      ,    .    .    (t)L 

Each  aide  orth»  cquHlton  tcpresents  ihc  total  quantity  of  energy  directly 
or  ultimaiely  transfomied  inio  heat  when  CV  units  of  eletlricity  pass 
through  the  cell.  Tlie  tou!  quantity  of  energy  tnm*formed  into  heat 
ouIxkIc  ibe  Ci^lorimcler  is  uCV'*'  Cr^t.  Now  we  can  observe  ihc  quan- 
Uty  of  beat  actually  evolved  in  the  calonineier,  btii  ibis  he-al  will  luit 
be  equal  to  ar,CV,  bcCiUiC,  according  to  Hclinliolu't  theory,  there  is  a, 

niuuitiiyof  hcaIaC7^=./absorbed  Etuni  the  environment  when  aqtiun- 

lity  of  electricity  Cl  passes  «I  consisni  temperature  T  through  tt  re\er« 

siMe  cdl  of  K-M-K.  H,  if  ~  reptcscnli  the  nite  at  which  the  E-M.F. 

of  the  cell  incieiiin  with  increase  of  lenipctaiure.  Thus  if,  (he  M:tually 
obMn'ed  quantity  of  heul  evolved  in  the  calorimeter,  is  niven  by 


W' 


.«r-,C/-oCrM/, 


» 


and  therefore  by  MibsiUution  in  equation  {■)  n-c  get 


vr' 


Since  aC{t*  C'y^  represeols  the  quaniiiy  of  enef]fy,  npresscil  in  thermal 
units  converted  into  Iwal  in  the  portion  of  the  circuit  outside  the  caJori- 
meler,  li  Q'm  taken  to  lepreienl  the  total  quantity  of  e^c^g^-,  in  iberma) 
units,  whicli  pvuei  from  the  cell  and  circuit  10  its  surroundings  during 
the  panujfC  of  CV  unit*  of  electricity,  wc  have 


or 


«crJ^/-oC£/-c    -  - 


(ax 


Hence,  by  mcaMiriRg  the  current  strength  C",  the  diflcrence  of  potential 
between  A  and  B  ami  the  heal,  W,  ilevelnpnl  in  ll»e  calorimeter,  y  can 
be  calculated,  and  then,  hnowing  the  E.M.F.  E  of  the  ceil  on  open 

circuit,  by  means  otf  equation  (a),  the  value  of  the  term  a.T-^^t  can 

be  cilculaicd.  Knee  the  cell  is  pincied  in  an  icc<aloritncter,  its  (em- 
peialure  will  be  o*  C  or  273*  on  the  alnolute  scale,  so  that  T  is  373- 
The  quantities  a,  C,  and  t  being  known,  the  value  of  the  teinpeiatur* 

cotfkkai   ip|.  C1U)  be  calculated,  uid  tUc  ViUue  ibiu  obtained  ihxn 
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IherniBl  measurenttnis  cnn  be  compared  o-itb  \\w.  latiic  found  by  &in<.\ 
^  electrical  men»ur<-mcni*,  ^nA  ilie  agreemtnl  or  nth«ruivc  bciwi'Wi  il»»« 
fvalocs  will  be  evidence  a*  to  the  siccunicy  of  Helinltotu's  tlieory. 

In  an  expctimeni,  using  x  Daniell  cell  in  wliicli  the  tviK.-cmratit'i 
[of  the  clecirolytn  was  in  each  ca«e  i  gniin  molecule  of  ibe  hIi  io 

■oD  gram  molecules  of  iratcr.  Jahn  bund  th.il  E,  ibe  K.M.F.  on  ope* 
[■circuit,  «'M  \x*fo  volts  al  o'  C.      f  lence,  if  the  quantity  of  eleclricii)' 

Ct  wlucb  pa>Ms  i>  one  coulomb,  the  term 

a£C/~.3387  X  1.096 
—  .1617  caloric*. 

In  the  calorinKiric  experiment  the  ruTTcni  wm  allowed  10  pafs  for  m 
hour,  and  the  mean  ntluc  of  ihc  rurrenl  was  0.06657}  ampere  The 
mean  value  uf  (be  product  of  Ihc  current  into  the  ditTemM.'e  of  poieniiak 
r,  bctw-ecn  ilie  points  a  aiid  B  wa»  0.0111:1.  Uuiin;;  the  courae  of  ihe 
cxperimenl  the  iiioiion  of  the  tiiercurf  thread  tA  ilie  calorimeter  imii- 
caied  that  5:1-394  cnlorics  hid  been  developed,  m)  ihat  it  ibc  value  n' 
Jl'.  HciKe,  Doling  lh»I  Ihc  lesiitance  r^  of  ihc  wircK  AP  and  BN  *» 
0.1  ohm,  the  following  quAntiiies  nf  heat  were  developed; — 

aCtt"   91659  calorics, 
ar,C/"  0381       „ 
Hence  '*-'=  SS-394     >i 

2=61.434. 
Since  Ihe  mean  valg*  of  the  current  was  0^0^573  ampere,  and  it  flowed 
for  I  hour  or  3600  >ocoad»i,  the  t01.1l  quaniiiy  of  elcciiicliy  which  llow«d 
thnragh  (he  c«ll  waa  <«66573  x  3600  or  139.66  coulombs. 

If  one  coulomb  had  passed  through  the  cell  the  heat  developed  in 
the  whole  of  the  circuit  would  have  lieen 


1.2604  calories. 


6m34, 
339,66 

Hencc^  when  the  quantity  of  electridty,  C/.  which  passes  through  the 
drOBt  U  OM  Cflulomh,  we  have 

urgyC/=aCtV- y=aa6i7-o.l604 
-0.0013  calories. 
Therefore,  since  Vis  173  and  a  is  0.1387,  we  get 


IE 

vr 


— !?^-^ —  -o.ooooi  volts  per  degree. 
.2387  X  273 


"rte  value  of  the  Icmpcmliiie  ciirfiicient  of  ihc  Danicll  got  ftnm  direct 
electrical  mcisuteinenls  is  0.000^47.  n  nuiTil)cr  which  atiiet^*  very 
well  tilth  thai  obt.-iiin.-i!  above  from  tlu-  ralnrimctric  nii-a*iiremeot»,  on 
the  supposition  that    Helnibolti's  theory  it  correct    Aliliough  30  and 


§559] 


Caimlathn  of  E.M.F.  of  Cefl 


841 


I 
I 

I         Hi 


47  may  sewn  very  <liffi;rem,  ii  musi  he  icmcmbcred  ihai  the  coefficicni 
obtained  i»  practically  icm,  and  such  difference*  a«  appear  ar«  quite 
wiiliiu  the  timits  or  cxperimciiial  cnof. 

\y  another  cxu.inple,  we  may  tuke  ilio  cell  consisting  of  a  plaie  of 
liWer  surrounded  «*ith  lilvi-r  chloride  ami  a  plate  vA  linc  in  a  solution 
of  line  chloride.  The  line  chloride  sululipo  <:onIaine(I  one  ^min  mole- 
cule of  ZnCI,  m  50  fpaxa  molecules  of  water 

Tl>c  E,M.F.  E  on  open  circuit  of  this  cell  i»  1.0171  voiii.  Hence, 
when  one  coulomb  pawcs  through  ihc  cell,  ««  have 

iiA'C/=.2387)c  1.0171 '0.343$  calorics. 

P     The  experiment  lasted  an  hour,  (he  mean  current  beio);  0.09)041 

amperei,  and  ihe  meaii  value  of  the  priKluct  i-C  being  olO-j3366';i  joules. 

The  heat  libemied  in  the  calorimeter  during  the  experiment  was  64.1^ 

catorics.     Hence  ^ 

•tCtt  =  20.339 

ttTiC/-        .744 

.-.        y=S5.27S 
The  total  quantity  of  clettriciiy  which  passed  through  the  cell  wa* 
0093041  »  jAoo"  334-94  coulombs.     Hence  if  one  cuuloinb  had  passed, 
Ibc  total  quantity  of  beat  developed  in  the  circuit  would  have  been 

334-94 
ttr|^C/=o.34J8-o.)S46«  -aotiS  catoriej. 


caz54ti  calorics. 


'W 


=  -  .00018  volt  per  <lcitre«. 


■■        SI"     .3387 « =73" 

The  icmpcratorc  cotfliciciit  of  ihis  cell  obtained  by  direct  measuremeni 
it  O.OOOS1  volt  per  degree,  so  that  the  SKreement  is  \-er>-  sa  tibiae  lory. 

When  a  lead  accumulator  sends  a  current  the  sulphuric  acid  solution 
it  elecirolysed,  the  hydrogen  ions  go  to  the  positive  plaie  (the  lead  peroxide 
ptaie),  and  the  SO,  ions  10  the  ncguiivc  plate,  that  is  the  metallic  lead 
platen     The  hydrogen  ions  act  on  the  lead  peroxide  accordinj^  10  the 

**'^"***'  n>0,+  H,=  PbO+ H,0  +  sSjoo  calorie*. 

That  is  during  this  reaction,  in  which  one  gnun  moleciUe  of  the  con>- 
pound*  lake  pari,  there  is  an  c^-oUnion  of  he.il  of  58300  catories.  Next 
the  sulphuric  acid  acts  on  ihe  lead  oxide  10  form  lead  sulpha^  according 
lo  ilie  equation 

I'bO  4- HrSO,-PhSO,+  H,0+J34oo  calorie*. 
Thin  the  total  ihennal  value  of  tlie  cliangcs  of  ibe  positive  pUte  it  81700 
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Al  ihe  i>eipitTV«  pUi«  ili«  SO,  ions  tcact  wiih  i)ic  wat^r  to  form  H,!)0, 
and  O.  Now  the  jKUHauB  of  ll>t  cuncm  hoi  splii  sulpliuric  itcid  intn  f, 
And  SO^  aiul  then  lliii  b<>,  luit  l>y  cutiibiaulion  niih  water  rr-fonnut 
sulphuric  ncid  lO  that  tli«  whole  reactioti  amounis  to  tlw  splitiinx  Up  '^ 
WAtL-r  into  liydioxcii  *tA  axpgen,  for  just  ■a%  vs\iit\i  )>«»(  w  ill  be  );iv«n  oui 
irlicn  ihe  acid  is  nibrnied  as  ^'«s  ab9ort>«l  vlicn  i[  was  split  up.  Hcncl 
we  hat«  to  include  in  our  thi-nnul  c^uaiiont  tlie  splitting  up  of  waieiioio 
hj-dragen  iutd  oxyifcii,  tlut  U, 

H/) = H, + O  +  63400  calories. 

Tbe  oxygen  combines  with  tlie  lead  10  form  1«nd  oxide,  and 

pb+O=PI>O+S03O0  calorio. 

This  l«ad  OKide  is  tbcn  converted  into  lead  sulphate,  and 

l'bO+  H,SO,=  !'h.Sa,+H/J+33400  calorie*. 

7I111S  the  total  tht^rmal  value  of  ihosc  changes  is  5300  calories.  Hence 
for  ihrwholc  retlu-c  have  that  (he  thermal  value  of  the  chemical  cbanset 
which  take  place  \% 

817004- 5300  or  87000  c^orleJ. 

This  19  the  quantify  of  heat  which  correspomis  to  the  e!ectroly*ti  of 
one  gnm  tnoUttiU  of  sulphuric  aciii,  or  ihc  Hbcraliim  of  iwn  gram 
equivulenis  of  hydmgrn.  This  concspondt  to  the  pH»nge  of  rft-^^nz 
coulombs.  AUo  sinrr  one  joule  is  cqus!  10  o.I3i!7  ojilories  ihc  n>eHiani- 
cal  value  of  ihc  ihcnno-chcmical  cliant;os  which  go  on  in  die  cell  u 
87000^0.1387  joules, 

If  I'ii  the  E.M.F.  ofiliccell.  then  ihc  pa.s£.-ige  of  96550x2  cmilonilM 

correapomis  to  the  perfonnancc  €)f  y6s5ox2C  joules  of  work.     Thu«i 

assuming  that  the  temperature  coefficient  of  the  cell  is  xeru,  we  have  the 

equation  .....        .       „ 

96550  X  a  K=  87000/013387, 

96550  K  3  X  0.3387 

=  1.883 

Hence  the  E.M.F.  correspoiidiny  10  ihc  chemical  change*  is  i,8B8 
volts.  Experiments  liiive  shown  that  ihe  leniperalurc  coefficient  of  a  cell 
made  wiili  loluiion  of  the  concent  rati  on  of  that  used  in  the  tlicrmal 
measurements  is  +OLO0014.  Hence  at  a  lemperalurc  of  t5*C.,or38$' 
absolute, 

TrT'*"  388  X  obooo:  4 = .040L 

Thus  the  K.M.F.of(iucha  eel!  at  ij'  C.is  1.888+0040  volts. or  i.9>8 
volts.  An  eipcrimcniai  measiirenii-nt  of  the  E.M.F,  save  i.e^oo,  a 
number  which  is  in  very  fair  agicenicni  with  thai  deduced   from  the 
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ihcrmal  data.  The  agreement  between  the  number  calculnied  nnd  the 
otMcn-rd  vjilue  Vi  alw>  n  nronj;  ai|juincni  in  fovoiir  of  (he  itccuracy  of  the 
ac<.i>un(  whkh  )iab  been  gitxn  above  of  the  chemical  ctijin]{cs  which  take 
piaci:  in  the  attuinulaior. 

580.  Heat  developed  Id  a  Circuit  when  Uie  Cumnt  performs 
Mechanical  Work, — Wc  have  hiihcno  considctcil  that  the  "hole  of  ihc 
cocTify  of  the  cuiTenI  has  been  »pcnt  cither  in  the  prodiiciion  of  heat  in 
live  crreuii,  or  in  the  perfomiaice  of  chemical  wi>ik.  The  currriM  may, 
however,  do  mechanical  uoik  ;  for  ioblance,  it  may  drive  an  I'leciiic 
mulor,  and  this  moiot  niay  be  employed  in  rai^ia^  a  v-eiKht  agaiust 
gravity,  or  pumpint;  water  from  a  lower  to  a  hi^ihcr  level.  In  such  a 
caie,  tortic  of  ihc  energj'  lieing  tonvcried  into  potential  cncrsy  in  the 
railed  ircight  or  natcr,  the  amoiinl  of  he.it  de»*elope<l  in  the  circuil  durin}( 
a  given  amoiint  of  rhemicid  change  In  tlic  cell,  u-jll  nut  be  10  great  at 
•dien  no  cxtenuil  work  is  done. 

I.et  MS  consider  the  case  of  a  cell,  «ay  an  acctimiilator,  for  in  ibis  case 
the  internal  resistance  of  the  cell  i*  so  small  that  it  may  be  neglected, 
connected  to  an  electric  motor.  Let  the  resistance  of  the  circuit,  iuclud- 
tng  the  motor  and  tlie  lead*,  be  A',  and  the  E.M.F- of  thecell,  K,  In  iht 
fini  pt^oe,  let  the  annature  of  the  motor  be  fixed  so  that  it  cannot  rotate, 
and  therefore  none  of  the  electrical  energy  wi!l  be  converted  into  encixy  of 
nioiian  of  the  motor.  If  C'ii  the  current  which  flows  through  the  circuit 
■ndcr  these  circumstances,  then  by  Ohm's  law  C=E\R,  and  the  hcni 
developed  in  the  circuit  in  a  time  /  is  e(|ua1  to  iCR.  Now  Ct  is  the 
quantity  of  electricity  Q  which  passes  roimd  the  circuit,  so  that  the  heat 
developed  ii  RCQ  or  EQ.  Next  suppose  that  the  armature  is  released, 
hijt  tliat  it  is  alloitTd  to  turn  freely,  so  that  all  the  energy  supplied  lo  the 
motor  ii  employed  in  overcoming  the  friction  of  the  different  parts  of  the 
motor,  and  in  the  production  of  hc.*t  in  thr  amialurc  and  field  magnet 
cnilx.  Let  t  l>c  the  back  K.M.F.  pnidim^d  in  the  armamre  !%  j^j;  when 
the  motor  has  reached  a  steady  state,  su  that  it  JS  totalinj;  at  a  unifuim 
»pe<-d.  Then  the  effective  E.M.F,  in  the  circuit  is  E~r.  Hence  the 
current  which  pastei  is  now  {B  —  ^)iR.  The  heat  developed  in  the  wire 
constituting  the  leads,  the  armature,  and  the  Rcld-maKnet  coilx  diinnjc 
the  passa^  of  Q  coulombs  will  now  be  (^E—e).  In  addition,  since  a 
i]uaDtity  of  electricity  Q  is  forced  aifainsi  an  E.M.F,, /,  an  amount  of 
work  will  ha**  to  be  done  rcpreienicd  by  Q/.  Since  the  motor  is  doins 
iwK'ork,  ihc  energy  represente*!  by  f^^will  simply  be  frittered  away  as  beat 
do*  to  friclico  of  the  different  moiing  parts,  io  that  the  total  amotTut  of 
bejt  produced  in  the  circuit  during  the  piissagc  of  Q  coulombs  will  be 
(•(£'- <')  +  2' OS"  QA".  Hence,  as  Iw fore,  the  whole  of  the  electrical  cnersy 
i]enrcd  from  the  cell  is  cnnvcrird  into  heat. 

Next  suppose  ll>at  the  motor  is  cmpkiyed  in  the  perfnnnance  of 
exIcrniU  workt  say  the  railing  of  a  «-ci^ht,  and  \\\Ai  during  the  passage  of 
^  cotUomb*  of  ctectricity  the  work  done  is  If.     Ifrisitie  back  E.M.P 
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to  thb  case,  (h«  eiieciire  E.M.F.  for  senidiRg  a  curreni  in  ih«  ciicuii  if 
/T-',  ftnd  hciK«  tlie  bcal  dn-clopcd  in  tlir  drciiil,  sccofdinif  lu  Joulrt 
laiu.  is  {E  -iiQ,  In  adiiition  lo  the  wotk  done  in  raising  ihe  wcigkt, 
H'hich  will  be  sioicd  up  as  polcniial  ciier^',  »  cerluin  unmum  of  wHk 
vill  hnvc  to  he  done  In  ovrrcomc  the  friciion  at  i]w  bearingt,  Acl,  of  tbe 
motor  -ind  ilie  mcchanitim  uhidi  is  u&mJ  to  nuM  ihe  weight ;  thb  andi 
will  appur  ag  hm  developed  airing  lo  the  friciioa.and  If  4  is  ibr^nvxint 
of  !>ucb  work  which  correapondi  to  the  paisige  of  Q  mulnmlM  of  clcc- 
lTidl]r  thrau^  the  dnrail,  wf  hai.-e,  Jiincc  the  totnl  w-ork  done  hy  the  cdl 
muit  b«r  eqiu)  to  the  product  of  the  E.M.F.,  /finio  ih«  quantitj' of  rltC' 
Iricity  which  is  sent  throiij^h  the  circuit  by  the  cdl.  that  i»,  QE, 

Here  {E-*)Q^-k  represents  the  quantity  of  cncijiy  which  b  coovencd 
into  heat,  and  H'ia  the  cnei^y  whidi  isiitored  upas  potential  enciCT** 
to  the  wei(-)it  whicli  has  bctn  raised. 

66r.  Heat  of  lonlsatlon.— We  h»ve  ucn  that  the  reUtioti  belvten 
the  E.M.F.  of  a  leveniblc  ccU,  the  chemical  cnerxyof  lepu-iralion  tranv 
bnned,  anU  the  heat  tukcn  From  ihourrDiindinift  of  the  cell  while  Hoikmg 
at  constant  tetnperature,  is  expmtcd  hy  an  e^iuniion  of  the  fonn 


E^k 


in  which  *  \s  ihc  loss  in  intrinsic  "chemical"  cncrg>-  of  ibc  system  when 

unit  quaniiiy  nf  Hectriclty  pawcs,  and  T~.  h  the  corrrsponiling  quantity 

of  heal  ahsorbed  from  ihe  environment,  according  to  Hciniholti's  theory. 
Rcccntlya  very  interesting  attempt  bas  been  made  to  anal]  se  still  further 
the  processes  which  go  on  in  the  cell.  We  shall  briefly  indicate  the 
nature  of  this  analysis,  taking  for  the  purpoie  of  illustration  the  case  ol 
the  reversible  Uaniell  cell. 

When  this  cell  is  allowed  to  prodiicfi  1x96550  coulombs  of  electricity 
by  closing  the  circuit,  65  grams  of  Zn  arc  dissolved  from  the  Zn  electrode, 
and  63  grains  of  Cu  are  deposited  on  the  Cu  electrode.  The  change  m 
intrinsic  energy  which  here  occurs  h  obviously  the  same  as  that  which 
takes  place,  when,  by  the  introiluciion  of  a  rinc  plate  into  a  solution  of 
co|>pcr  sulphate,  63  gnims  of  copper  arc  precipitated.  The  beat  evolred 
during  this  latter  process  has  been  observed  to  tie  about  jol,ooo  caloriev 

If  we  represent  by  ;/„  ihe  quanlily  of  eirclriiity  p;Li3i!ii;  when  65 
puns  of  Jtn  are  dissolved,  and  63  grams  of  copper  prccipiutcd,  then 

where  //reprcscois  an  amount  of  enerf^  equal  to  ;oi/wo  calorict.  Thi» 
qu.tnlity,  //,  is  usually  taken  torepreteni  the  ]os?of  "chemicnl"  energy  by 
the  system,  but  no  attempt  is  made  to  analyse  it  further.     On  ibc  ionic 
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hypothesis,  the  foHowmg  is  what  has  occnnvd :  65  grinii  tX  7jti  have 
pauecl  fmcn  the  ncuiral  ttnic  into  tlie  loluiion,  where  Ihry  cxiki  ak  inns 
and  63  Kramg  of  Co,  oriKinally  existing  in  the  solution  as  ions,  hav* 
{Mssrd  into  th«  stale  of  ordinary,  electrically  neutral  copper.  Wc  may 
npment  the  change  us 

Zn+Cti"SO,-Aq-Zn"SO/Aq+Cu+^, 

where  Zn  and  Cu  signify  electrically  neuttnl  equivalent  weights  of  the 
re«p«riivc  metals,  pnisessing  the  amminis  of  energy  (ortesponding  to 
these  siaie^  and  Cu'*  nnd  Zii"  signify  the  bimc  weight-i  of  Cu  and  Zn, 
with  the  .imounl-'i  of  energy  whi^h  they  possess  when  ionised.  The 
(vmbol  .SO,'  refers  lo  the  ionised  acid  rsilirle,  and  the  et(uaiion  .iMiimes 
lliai  the  degree  of  disMKrtaiion  of  the  ZnSO,  solution  is  ilic  same  as  thai 
of  ih«  CiiSO,  solution. 

It  is  ck-iir  that  we  may  lejjacd  llic  clian);e  ns  consisting;  in  lli'e  ioniia- 
lioo  of  an  et|uividcnt  weight  of  Zn,  and  the  passage  from  the  ionic  to  the 
neutral  state  of  an  equivalent  weishi  of  Cu.  Now,  we  may  suppose  that 
there  is  some  dclinite  telntion  liciwcen  the  energj-  of  a  gi«n  mass  of  an 
ekmenl  in  the  neutral  sl.-tie  and  the  energy  of  the  s.-imc  mass  when  in 
Ibe  ionic  slate.  If  the  encn<y  '"  '^^  ionic  sutc  is  the  smaller,  Ilien 
tonuntion  will  be  accompanied  by  development  of  heat,  which  «'e  may 
all  tltc  ''heat  of  iomsaiion."  It  is  evident  that  //in  iheiihove  etguaiiou 
signifies,  following  l)ii»  idea,  the  difference  bclwern  the  iespec(i\-e  heals 
of  ioaiaation  of  Zn  and  Cu.    Thus  wc  may  write 

Zn=Zn""^q+i4, 
and  Cu=cCti".Af|+4» 

where  A,  and  A,  represent  the  heals  of  ionisalion  of  Zn  and  Ci»  wspec- 
jirely,  aiul  are  connected  by  the  relation 

//=A,-*r 

Tlie  (jueUion  now  ari.tei  whether  ihcre  n  any  means  l)y  nliich  we 
may  obtain  the  sepaiulc  heatt  of  ioniuiiion,  and  not  thctr  difference 
roeieiy.    The  expression 

a  particalar  case  of  a  general  theorcn)  which  can  he  applied  10  the 

dianges  ihai  occur  at  each  electrode- electrolyte  surface.    Thus  ■I'  ^-i 

represents  the  amount  by  which  the  poienlial  of  .he  solution  exceeds  that 

of  the  Zn  electrode,  and  /:',  that  b\'  nhich  the  cxipper  exceeds  thai  of  the 

toltilion  in  il>  neighbourhood,  wc  have 
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On  sddilioR  lb««  cquauions  pv« 

thtis  seea  (u  be  e<[uivalenl  to  tbc  original  Helmholtz  M|tutioii 
(S  S5^    ''^'^  quanliltus  Xe^T j^lp  aii<t  3««r^^  reprcKnt  the  Kapcant 

qiMBtiiios  or  heat  nhtmibed  At  the  elect  rode- declrolyic  wrfice  «ict 
6$  grains  of  /^n  pOM  into  soluiion  aiid  wliea  63  grams  of  Cti  pnn  oui 
of  solution-  II1C  values  of  thrsc  quvililie^  can  be  estimated  fiuin  oIimt- 
raiioDt  upon  the  theiinal  cflccia  at  ihe  clecirodc^,  when  a  snit  of  evb 
metal  i»  (;lecirol)'ied  lielwcea  el«:trodp5  of  tlie  same  metal.  In  onfcrte 
detcnnine  A^  nod  A,  it  ia  funher  necewary  to  kiiuw  the  values  of  K,  nal 
Jip  If  n*c  Slippage  lh«ie  tci  be  known  from  capillary  clcciroineter<Ui«, 
we  can  finally  (ieifniiinc  A,  nnd  k^ 
Thu»  ft)r  copper  wc  gc; 


and  for  zinc 
And  henc« 


A,  =•  - 17700  calories, 

jS, =33100  calorics. 
A, — ^, = 50S00  calories, 


wliidi  TMult  agrees  sufficiently  nearly  n-ith  ibe  obtervcd  value, 
//ojoioocalorieeL 
The  results  may  also  lie  expressed 

Zn-Zn- +33100 

Cu=Cu"-l770C». 

It  would  thus  appear  that  the  intrinsic  energy  of  ionised  Zn  r«  le» 
than  ihat  of  no  eqiinl  mass  of  electrically  netilral  Zn,  while  the  oppoMie 
is  true  in  the  rjisc  of  copper.  The  lendi^ncy  of  the  Zn  to  ionise  and  of 
Ihe  Co  to  Iwcome  neulr;il,  a»  exhibited  dHring  the  workins  of  ihc  Daniell 
cell,  follows  naturally  from  these  results. 

Coiisidcraiions  of  this  kind  appear  to  mark  a  distiiKi  advance  tun-ards 
a  more  complete  physical  theory  of  chemical  change^ 

Rercnily  (1903)  Prof.  J.  J.  Thomson  has  advanced  Ihe  theoi)'  that 
the  atom  of  mailer  has  associated  with  it  a  large  number  (of  the  order  of 
a  thoui.indj  of  charged  particles,  which  paiticlei  are  railed  electron). 
In  the  ordinary  unionised  condition  ihcie  are  an  equal  number  of  posiiivt 
and  neKfltive  electrons  associaicd  with  each  nlom.  but  when  a  salt  becomes 
ionised  some  of  the  ocKative  electrons  are  supposed  10  leave  the  positive 
ion  and  attach  thenisebcs  to  Ihe  negative  ton.  Thus,  owing  to  the  lou 
of  negative  electrons,  the  positive  ion  will  possess  a  |Jositivc  charge,  while 
the  negative  ion  will  possess  a  negative  charge,  for  it  now  has  an  exccts 
of  negative  electron*. 


CHAPTER  XVIH 


PASSAOB  OF  ELECTRICITY  THROUGH  GASES 


S62.  Passage  of  Eleetrlclty  throug-h  GaMS — WV  haw  considcicil 
Ihc  cliicf  phciionicn.-i  whirh  arconiii.iny  the  piast;))^  of  ctcctricily  through 
meiallii:  tondiiciors  ami  ciccirolyict,  and  uc  have  now  to  consider  ihe 
passage  of  el«ciri(:i*y  ilirouKli  j,'a»rs. 

In  ihe  casu  of  ga»es  it  witl  bo  ncce&sary  to  consider  tlie  piESsim 
to  which  ilie  ga*  is  aiibjccled  uhco  the  passage  of  Ihc  elcciricity 
ukcs  plnc«^  for  Ibc  phenomena  vtuy  enoiinously  ax  the  pressure  is 
alictcd 

Siippmc  we  have  two  mnducion  which  nre  xepnr.-iicd  by  at  gji^  say 
air,  at  atmosphcnc  pressure,  itnd  the  difr<:rcn<:c  of  poicniial  bcinYcn  ibc 
conductors  is  craduully  increjised.  Then  owin^  to  ibis  diilOTnce  of 
po'entjiil,  the  *ir  between  liie  conductors  will  be  pui  inio  a  condition  of 
elect  tkal  strain. 

As  the  potential  difference  i>  increased  ihc  strain  on  the  air  will 
increue  till  n  condition  wili  he  readied  when  the  ait  is  no  longer  able 
Ifl  fuppcirl  the  strain,  and  it  breaki  down  and  xllows  n  runcnt  to  pai,\. 
This  fbnnx  what  is  railed  the  ipark  di&chnrgc.  Before  the  pasMiKC  of 
(1m  spnrk  there  nitl  br  a  fall  of  potential  in  the  air  bclnecn  the  con- 
ductOTh  And  t)ie  tall  of  potential  pet  imit  Icnjjth  b  a  measure  of  ilie 
efcctridtl  stress  teiwIinK  w  break  down  the  k:i*,  or  as  it  is  tailed,  ihe 
etecirowiotive  intenwiy  MCtinj,'  on  the  ga?.  The  maximum  electromotive 
intensity  which  a  gm  inn  support  be(bi-c  a  spark  pnMei  IiaK  been  called 
by  Ma»well  the  clctttic  sllCIli^^h  of  the  jjas.  Enperinient  has,  however, 
shown  ibat  the  elcciiic  sirenKlh  thus  defined  depends  on  a  number  of 
coiMlition*  bcsid(»  the  nature  of  the  ){a»  and  the  pccMure  to  which  it  is 
stibjectcd.  Thus  the  electromotive  inteaslty  is  found  to  depeml  to  a 
smalt  desree  on  the  nature  of  the  londiiciors  between  which  the 
spark  is  passed,  and  to  a  greater  degree  on  the  shape  of  ihc  surfaces 
of  thes«  coivductora  between  which  the  spark  pastes.  The  electro- 
motive  intensity  .nlso  depends  ver^*  imich  on  the  distance  betn-een  the 
cnndiicion. 

This  efiiBCi  is  very  clearly  shno'ii  by  the  nuntbcrs  givefi  in  the  follow- 
ing  l>ti(e,  which  sliows  the  piitentiat  diUcrecKv  (meaiuml  in  eiectio- 
■mk  units)  required  tu  cauie  a  spark  between  two  splterrs  oi 
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on.  ludiut  when  lliey  are  wparuicit  b>-  tliffeicnt  distancicc  in  w  at  ■ 
limnure  of  76  cm.  o(  raercui]' : — 


Spark  l^n^h 
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It  will  be  ot»erv«<l  ihat  the  vlcctroiiiotn'«  mIGti!>iiy  DvccsMt)-  to  pnv 
duce  a  spark,  when  tlic  dtMance  brtwe«ii  ihe  q>heres  is  unatt,  w  wrj 
much  greater  than  "hen  lliis  iliitaaec  is  L-vmpnratively  greaL  Such 
teault*  as  th«c  show  ihat  Ihy  electrical  siren;;th  of  a  ija-i  i»  ivot  *  pro- 
pony  of  the  %)ti  ninnc,  but  is  n  complex  quaniilj-  dejiending  on  n  numbei 
»f  L'on«idcrali<ins  bctidef  the  proponies  of  ihp  gM. 

If  ilie  pressure  of  ihe  gas  is  altered,  ihc  difference  of  potential  nccw 
Mr\-  to  produce  a  spark  varies  wry  greatly.  As  the  pivuure  is  reducrJ 
from  the  atmospheric  presmre  the  dilTeicncc  of  potential  requited  to 
produce  a  spark  of  a  given  length  decica&es  at  first ;  but  tliiti  decreut 


does  not  go  on  itidcfinilcly,  for  a  crilic.il  pressure  will  evcrminlly  be 
leachcd,  and  when  the  pcrssiire  is  fUrthcr  dccicased  llic  poicnlial  necei. 
saiy  to  produce  a  spark  will  incteate,  and  this  increase  will  go  on  a* 
long  as  the  pressure  is  decreased,  so  that  at  the  higlieii  vacua  attainable 
the  gas  will  be  a  perfect  iniulator,  and  ii  will  be  impossible  to  pau  a 
spark.  The  critical  pressure,  at  which  the  eledrurnolii'c  inlcnitity  is  a 
minimum,  varies  with  the  di^l.■lnce  between  the  eU^ciroiles.  Thus  while 
for  a  spark  length  of  1  loo  mm.  the  critical  prrssurc  in  air  is  equal  to 
the  pressure  of  25  cm.  of  mrrctirj-,  for  a  sprark  letiglh  of  several  milli- 
tnctrcs  in  length  llie  critical  pressure  is  lest  than  that  due  to  a  iniQimettc 
of  incKui^'. 


g  56»]  Passage  of  Elulridty  ikrcugk  a  Gas 
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The  appeannce  of  ihe  diKhargc  changes  in  a  very  msTkH  manner 
u  ihc  ptcuure  of  the  gas  is  reduced.  Thus  a<  atmnsphctic  prcsftiifc  the 
»pail(  consists  of  a  brilliani  linr  of  light  whicli  1»  sh.irply  defined,  und  't% 
either  stntghi  if  the  tpark  len^h  is  small  or  is  bent  in  a  vtry  chftrac- 
teriuic  niannei.  bcin^'  somettnict  of  a  fuilced  naiuic. 

Sup()OM  thu  a  b'la»  mbe,  such  a*  U  shown  in  f\s-  53^,  with  platinum 
wires  A»ed  tbnuf;h  the  endi,  tliest  wires  bcinti  cunnectcd  with  a  Kmnll 
aluminium  plaie  K  anci  a  wire  A,  l.i  siadiMlly  exnjiu*te<t,  and  ih;it  ft  dis- 
charge ii  p-iued  throiiifh  the  jfas  in  ihc  tube,  the  plate  a  being  ihc 
positive,  or,  as  uc  may  (.all  i[,  the  anode,  and  K  the  kaihorie.  When  the 
pressure  is  equal  to  about  8  cm.  of  mercury  there  will  he  a  line  of  light 
suvtching  down  the  axis  of  the  lube  somewhat  as  shown  in  the  6gure. 
If  the  pressure  is  reduced  to  about  half  a  millimcirc  of  inereury,  then  the 
gCQeml  ai>pearance  when  the  discharge  pa:i»es  b  thai  »)iuwn  in  Kig.  jj}. 
At  the  Icailiodc  k  titcre  will  be  seen  a  a,a(t  glow  which  moves  about  over 
the  surface  of  the  electrode.     Next  to  the  kathode  there  ii  a  tpace,  1^ 


mch  is  comparaiircly  free  from  lurninosliy,  and  which  is  colled  Croukes's 
ipace,  or  the  iirst  dark  space-  The  distance  from  the  kathode  through 
which  this  dark  space  stretches  increases  ai  the  exknusiion  of  the  gas 
iiKTeaiics.  Tbe  lerminaiinn  of  the  dark  space  neareit  the  anode  is  qiiiie 
slurp,  Bod  is  vcr;  approximately  the  surface  on  which  would  lie  the  cnils 
of  equ^  itormals  drawn  from  the  surfarc  of  the  kathode.  Beyond  ibc 
dark  space  it  a  luminous  space  c,  called  the  negative  column.  Tbc 
posiiton  of  Ihe  ne^iii-e  column  does  not  depend  on  that  of  the  anode, 
sit  ilut  if  the  anode  is  placed  in  a  side  lube  the  ne^livc  column  due^ 
not  beiKt  imind  into  the  side  tube,  but  goes  straight  on  and  fills  the 
portion  of  the  lube  beyond  the  point  where  ihc  side  tube  containing  tbe 
anode  leaves  the  main  lube. 

Beyond  the  isegattve  column  there  is  a  second  comparatively  dark 
ipaoe  D,  called  llie  second  negative  dark  spac&  This  dark  space  i-aiie* 
very  much  in  site,  and  may  siimciimcs  be  eniirely  abienu  Be)-ond  this 
dark  spai'e  there  it  another  luminous  column,  e,  which  extends  up  10  ihe 
anode,  mimI  is  called  Ihe  pn^iiivc  column.  The  luminosity  of  the  pMitive 
cetuBin  ia  often  not  continuous,  but  consists  of  alternate  bands  of  bright 
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light  and  comparaiivety  dark  spaces.  Tltesc  bri^lil  band*  are  catU 
tirix,  and  o(\tn  prtiicni  a  wty  Mrikin>,'  appearance.  'Hi*  ct)hiur  of '.he 
Mruu  depends  an  t)ic  nature  of  tli«  ^ai  oithiii  the  tube,  and,  aoranlmt  to 
Cnicikei,  when  a  mixture  of  ^aMi%  cxiMa  wilhii)  th«  tube  each  ((as  pn>- 
ducFX  a  separate  Mtics  vt  siriau. 

\M)ile  the  rtegative  caUunn-  and  th«  datk  >pacc  are  conlined  to  the 
nciirl>1>ourhood  of  the  kathode,  anil  du  not  increase  in  site  if  the  distjim 
between  the  anode  and  kathode  U  IncreaMd,  the  positive  column  alnr* 
MTctchet  up  to  the  anode,  passinj;  along  the  tliortcst  path  from  the  kaikode 
to  the  anode.  I'rofeswtr  }.  ].  TliomKitt  has  passed  a  discharj^e  ihniu(^ 
I  an  exhauHted  tube  jo  feet  in  length,  and  vith  the  exception  of  a  few  incho 
near  the  kathode  the  positive  (.'aluinn  filled  the  whole  of  ibc  tube  and 
exhibited  very  well  marked  slriations  throughout  its  leivitlh.  It  » 
probable  that  the  dlschar^  is  actually  carried  by  the  positive  coltnna 
and  that  the  olhci  phenomena  obsert-cd  near  the  kathode  are  siinplr  <lft 
In  *orae  peculiarities  whirh  scent  always  to  accompany  the  passaci  e( 
eleclridly  from  ,i  jjas  to  a  conductor. 

When  the  exhaustion  of  the  tube  is  carried  considerably  below  thii 
for  which  the  di^hargc  has  the  ap^-amnrc  just  dcscnbed,  llie  ch&ni:icr 
of  the  discharge  is  quite  alieretl,  and  a  series  of  subaidian'  phenomcni 
occur  which,  especiiilty  of  lalG  yean,  have  atlMC-ied  mu<:h  atlcitlion.  U 
will  be  convenient  to  coniider  these  phenomena  at  very  high  vacua  in  a 
separate  section. 

&es.  Kathode  Rays.—When  the  exhaustion  within  a  lube,  siirli  » 
is  shown  in  Ki^.  J3J,  is  carried  to  below  a  thousandth  of  a  millimetre  nt 
mcirury,  the  positive  column  ^ratlually  vanishes,  and  lite  tides  of  die 


Fia.  S3*. 

tube  exhibit  a  brilliut  phocphorescrni  glow.  The  colour  of  this  glow 
depends  on  the  naitire  of  the  glass,  thus  with  lead,  or  English  glass, 
ihc  gloiv  is  blue,  while  with  German,  or  soda  gliua,  the  phosphoresrence 
is  of  a  beautiful  emenild  green.  The  appearance  pre»rnted  is  as  if 
something  were  prnjcfivd  by  the  kathode  in  a  direction  normal  to  its 
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surfnire  whkh,  when  it  strikes  the  glaics,  lias  tbc  power  of  exdlin^ 
pliosphctrcKfiicc. 

Tbc  ph«iuine:iia  in  th«e  hitjb  vacua  have  l>een  ilutlied  at  ure-it  length 
by  Crookps,  who  supposei  ihul  the  coinparativcly  few  mol^cu^c*  of  ihe 
gas  u-hich  ntc  Ir-ft  in  the  lube  Iwconic  rlertrific-rf  by  ronincl  wilh  llic 
kathode,  anil  th.it  these  negatively  drctrified  )iAS  molcule*  are  then 
tbot  out  by  dcttro-jtaiic  re-piilaioTi  front  the  kntliodc.  He  (unhcr  stip- 
poscs  thai  at  iheic  hiBh  decrees  of  exhaustion  the  number  of  molecules 
bso  Mnull  that  Ui«  moieculcs  will  travel  for  cons i<lenble  diManco  nitb- 
uut  encuunlcn  one  u'ith  the  other,  »a  that  the  molecules  nhich  arc  sliot 
out  from  tiK  kathode  do  not  love  their  energy  of  tranilAtion  by  iJinrini;  it 
trilh  other  molc4-ulcs,  with  which  ihcy  would  collide  if  Ihc  density  of  the 
giu  were  grcftier,  liut  reach  the  walls  of  the  tube  while  «lill  movinj;  with 
a  hij;h  veloriiy,  nn<l  there  by  their  imp.ict  develop  phosphorcicenci^  in 
tlic  tr'asf. 

Wliaie^'cr  Iho  nature  of  the  emanation  from  tlie  kathode,  or  lh« 

frays  a*  they  are  called,  they  under  ordinary-  circumstance* 
ill  Mrai),'ht  lines,  vi  thai  if  a  screen,  »udi  as  is  shown  in  Fig.  535, 
F..J.  sjs- 

i*  placed  between  the  kaibode  and  the  »i»ie»  of  the  lube  a  dear  shadow 
of  Ihe  screen  will  be  produired  on  the  walU  of  ihe  tube,  nn  phosphores- 
cence taking  place  within  the  portion  of  the  wall  in  the  jjcomciricj] 
Uudow.  It  is  iniinaieri.il  in  This  e^pcrinicnl  whether  the  icieen  be 
cccnpoccd  of  a  conductor  or  a  iJieleciric  If,  Jiutcad  of  a  plane  plate, 
a  concave  plalc  it  n»cd  for  the  kathode,  the  kathode  rays  are  brou>;hl 
IQ  a  fecus  ai  the  centre  of  curvature  of  the  kathode,  and  if  a  body  is 
placed  at  tlus  focus  it  wilt  be  raised  lo  a  bright  incandescence,  or,  if  tlie 
diacbaigv  is  »ullic>eDlly  strong,  eicn  melted  owing  to  the  impact  of  Ihe 
nys.  In  this  way  platinum  can  he  melted.  (Jihcr  substances  besides 
glass  pho«plioresce  when  the  kathode  rayi  are  allowed  In  fall  00  them. 
That  if  some  nibiei  arc  cnclo«cd  in  a  vacuum  tube  and  the  dischar^ge 
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Is  passed,  the  kathode  rays  falling'  on  the  ruWes  w 
out  a  brilliant  mby-red  light. 

The  kathode  rays  are  deflected  when  a  maj 
in  the  direction  which  would  occur  if  they  form 
c<mdiictor  conveyinj;  ihe  current  from  the  anode  t 
if  a  screen  pierced  with 
the  kathode  as  shown  i 
narrow  beam  of  the  kail 
when  no  magnet  is  near 
J^- -'-i i{'~*iaQ'fc-^  •  "J C  straight  on  and  strike  the 
will  cause  phos phoreses n 
is  brought  near  the  tubi 
force  are  at  right  angles 
are  deflected  and  the  pht 
the  glass  is  moved  down  into  the  position  D.  Nc 
phoresceiit  patch  be  deflected,  but  while  when 
continuous  palch,  when  deflected  it  will  consist  ol 
Ijands  separated  by  more  or  less  dark  spaces.  Thu 
of  the  deilectinj;  magnetic  field  not  only  do  the  rayi 
would  appear  that  a  species  of  dispersion  is  also  pre 
rays  do  not  get  deflected  to  the  same  extent,  and,  ji 
an  incandescent  gas  consists  of  a  certain  number  of 
this  kalhnde  ray  "spectrum,"  produced  by  the  actio 
also  consist  of  bright  bands. 

Cmokes'  theory  that  the  kathode  rays  consist  o 
particles  ^liol  out  from  the  neighbourhood  of  the  kai 
by  snnic  observers  who  suppose  that  the  kathode 
w.ncs  of  the  same  general  nature  as  light  waves  h 
lenjjih,  so  that  their  effects  cannot  be  observed  by 
used  to  study  light  waves.  The  fact  that  the  kaiho 
by  a  magnet  is,  however,  a  strong  argument  agains 
one  has  been  ever  able  to  delect  that  a  magnetic  fie 
ciTcct  on  light  w.ives.  In  addition  it  can  be  showr 
along  the  path  of  the  kathode  rays  there  is  a  I: 
electricity.  The  experiment  was  orig'inally  devised 
been  modified  by  J.  J.  Thomson.  A  iul>e  is  taken  0 
seciion  in  Fig.  537,  in  which  K  is  the  kalhode  and  v 
side  branch  a  metal  tube,  f,  with  a  sht  at  the  end 
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the  tuhr  i>  ha*  acquired  a  negative  char^.  The  oiiier  tube  c  wliieh  is 
connected  wirh  ihc  earth  wi'l  screen  off  ffoni  ihi:  inner  lube  all  cWlrica! 
clisiurbaincRS  whcr  ihnn  »uch  ai  enter  b;'  ihc  bIIl  Wlitii  llw  ncjjalively 
chHi^ed  parti<:le3  enter  the  innir  tube,  liitce  tliey  are  at  the  tmidi;  of  a 
Kondueior,  they  will  either  give  up  their  chatKcs  to  the  conductor  or  will 
induce  a  positive  charge  on  lli«  ia^ide  of  the  conduiriar,  an*!  the  cnnc- 
BpofidiiiE  tieRaiii*  chatge  will  caiiM!  the  electmmeirr  to  be  dcflccled. 
HciMz  the  dcdnrlion  of  the  eleclroincter  scenis  clearly  to  indiL'alc  that 
tbe  kathode  rays  nre  at  any  rate  always  accompanied  by  the  prujcctioo 
*rf  negatively  cluirj^  jurtklet, 
and  hence  it  is  only  naiurjl  to 
sappOM  lliHt  l)iey  really  consi^  of 
■KU-'h  nejeiilively  cli;ir),-vd  paili'.lct. 
We  havu  liitlieriu  only  cun- 
sidcicd  the  behaviour  of  kathode 
rays  »-ithin  the  highly  exhamteil 
tube  Khcic  they  are  produced. 
Lenard  timt,  Itowever,  found  ihui 
the  kaihodc  rays  can  be  <>b4ained 
In  the  space  <iui»ii)c  the  tube. 
'71mm  if  a  binall  initidow  in  tlw 
tube  Is  corered  with  »ery  thin  ahi- 
niiDHint,  and  the  kathode  rays  are 
clirecled  on  to  thi«  window,  rays 
are  fiKrnd  to  proceed  from  this 
window  which  arc  deflecled  by  a 
magnet  atxf  are  capable  of  pro- 
ducini;  .pho&plioreHence  in  the 
Miiic  wiy  ai  do  the  kathode  rays 
within  the  tube.  These  lay*  are 
b1w>  found  to  carry  a  negative  cbatK<^.  Ac  lint  thn  ]KiMibili[y  oA  patsing;' 
the  rays  ikrouxh  a  thect  of  aluminium  srrn»  a  vei)  Mionj;  AT|{iin>ent 
■giuno  the  theory  that  ihi-y  amtiM  irf  iie^aiively  electrified  particles. 
It  ba*,  hone^'er,  been  ^unil  thai  if  a  piece  of  itiei^l  inBi<le  a  CioukeV 
tube  ii  placed  in  the  path  of  llie  kathode  ra>'!i  it  aciquires  ll>e  properly 
of  itself  icit'ins  ofT  kathode  tays,  im  if  (lie  nhock  due  to  the  impilct  of  ihe 
kathode  rayi  were  rjp.ablc  of  driving  off  ihc  gas'  partietct  whirJi  arc  in 
Conlact  wiib  the  inelaL  Thus  the  kathode  rayt  outMrfe  the  lube  in 
X^nard'i  experiment  are  not  due  to  the  motion  of  the  san>e  pnttkle« 
«-hicli  «irtick  live  iiMule  tA  the  aluminium  plate,  but  omsiu  of  a  new 
»ei  of  elect  rilied  paititlua  whidi  are  iJRit  out  frotii  the  out»ide  surface 

>  Ii  miut  be  noKtl  Uuu.  McotdiiiH  to  J.  },  IVunion.  ihc  aMM  of  the  peiidn 
•hich  cany  |1k  aqtalliv  cliarpa  >ue  coniMoiIilr  toi  than  It*  nuua  U  iht  imAcaln 
■rf  the  ■;■>.  lo  ihal  «e  >eaa  twre  lo  be  iloallac  Biib  •onwihing  •■ulhr  Ihan  Ihe 
ipbIjciiU. 


Ttt^tK 


ntt*rtr»tiai»r 
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nf  ihc  plut«.  inving  (o  the  iinpaci  of  th«  charKcd  panicle*  which  lUiU 
ihc  insifk  surface. 

564.  RbntfTOn  Rays.— U'hni  the  katboile  »>-«  strike  upon  nulls, 
in  ^ftiiilion  lo  indiicinj;  plMMptiorcsrcncc  ftnd  raUing  ihc  tempeian* 
and  ill  ccnjiin  «»«  causing  the  tuiiMion  of  kathode  ray*,  ibt«  « 
produced  a  Iciiid  of  rays  which  differ  fram  the  kathode  rays  and  hoe 
onliflary  UrIh  ray*  in  v«ry  iiiiuiy  paniculars.  Thw*  rays  wtrr  rim 
diKxnneied  by  Rfintgen,  ai»d  are  therefore  calkd  ROnigcn  rays  of  -X 
rays.  Tbej-  differ  from  kaibod«  rays  in  that  they  pass  ihiwugb  gUu 
and  many  olher  malcriaii  with  compuralirely  little  alMorplion,  ud 
tlie^'  are  not  deflected  by  a  magnet  as  arc  the  kathode  ray».  'ne; 
dilTrr  from  onlinary  li^hl  ray*  in  thai  tliey  do  not  appear  to  be  K- 
fnicicd  u'hen  ihcy  past  fttun  one  mcditim  to  anotber,  while  it  hat  bnfi 
found  impossible  lo  obtain  by  iheir  mean*  any  signs  of  inicticRaK 
phenomena. 

The  form  of  ijbe  which  has  been  found  best  for  pindticinK  tbr»c  layi 
b  shown  in  Fig.  538.     It  cun»sts  of  a  concave  aliiii)imiiiti  kaihodt  % 

and  a  plaitiiiui)  plaic,  A,  as  anodi. 
whicli  is  inclined  at  45'  to  tlit  vii 
of  the  kathodfc  The  lube  ilielf  B 
formed  of  soda  glass,  siikcc  it  is  bmd 
thai  lead  kI.-us  is  VKrj  opaque  to  ibt 
rays.  The  kathode  rays  are  fociuxd 
on  the  platinum  anode  and  llie  R*"'- 
jjcn  rays  proceed  as  if  they  came  in  strai(;ht  line  from  the  poinl  oi  ^ 
anode  where  the  kathode  rays  strike  iL 

The  presence  of  Kent^en  rays  can  be  detected  either  by  Ibcir  adi* 
on  a  plioto^;nipliic  plate  or  by  ibe  fluorcicence  which  they  exdie  wk* 
lliey  fall  on  some  sulnt:tnces,  such  as  (be  double  cyanide  of  potaiiiun' 
and  platinum     The  must  >iriking  peculiarity  of  lhe»c  rays  is  that  ibrf 
are  capable  of  peneiraiing  many  substances  wliith  are  opaque  to  ordin«y 
liglit.    Thus  bia<k  paptrr,  wood,  and  aliiiiiinium  arc  transparent,  while 
the  more  <lcnsc  metals,  such  as  lead,  are  opiique  to  ihc  lays^     The  mo«t 
iinponani  practical  application  of  the  differences  between  the  trans- 
parency of  dilfcrenl  bodies  10  those  rays  is  owin}-  to  the  fatt  that  wliile 
flesh  is  (airly  transparcnl  the  bones  are  vcr>-  much  more  opaque.     Thus 
if  a  lube  producing  R»nt){en  raj's  is  placed  aboi-e  the  hand  while  a  photo- 
graphic plate  is  placed  below  tlie  hand,  the  ntj-s  will  pass  through  ihe 
flesh  of  the  hand  and  will  act  on  the  plate.     The  bones,  however,  ufll 
stop  the  rays,  and  hence  those  parts  of  the  plaic  within  ihc  shadow  of 
the  bones  will  only  be  slightly  Affected,  and  on  developing  the  plate  a 
shadow  of  the  bones  of  the  hand  will  l>e  obtained.     Such  a  phulo^niph 
is  shown  in  Fig.  jj9,  and  it  will  be  observed  ihal  the  hones  ait  much 
more  opaque  than  the  flesh.     Insle.id  of  using  a  photographic  plate,  a 
paper,  screen  which  is  coaled  with  one  of  the  salts  which  fluoicsocs  when 
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the  K'Snigcii  rays  foil  on  it  m*y  Iw  u*«d,  when  the  Mitl  oill  tluon;»ce 

dvlicn!  tlie  mys  »re  iransiiil<«d  !>>'  Ihn  ilcsh,  1>iit  not  where  llic  rays  have 

been  alwwljed  by  llw  bones, 

wkI  «i  a  dark  sli»ilow  of  the 

boiK-s    will    appear    on    the 

scrwn. 

NcicoiKlusit-cciciierimcnc.'il 
Evidence  as  to  iIk  nature  of 
t)ie  KOntgen  niyK  )ias  yel  licrn 
t>b<aine(L  It  n,  Ihmti'vit, 
prxibalite  that  they  ««  or  ihc 
nature  of  a  wave  tii^iturbancc 
in  Ihc  ellier,  ihc  wave-Ifngth 
bcinj?  very  unnll  cocnparcil 
ifiih  that  of  hlue  light  J.  ]. 
Tliomton  hnt  ihown  that 
waves  »hith  wtMild  h.ive  ilic 
santcpmienieiasthcRrtiilj;''!! 
rays.  In  that  they  i«i>»iM  not  he. 
refncird  or  show  inierrcrencc, 
would  be  pTtxlitcwl  in  ihe 
ether  if  u'e  luppoif  thai  ilie 
kathode  ray«  arc  ically  nes"- 
ItvelyrharKed  panicle*  which 
strike  llie  body  which  is  pro- 
ducing ilic  lay*    The  dlMurb- 

nnce  produtnl  woiild  not  be  so  much  a  w»ve  motion  u  a  Miti(l«  wace 
or  impoUe  whicli  hikjM  ira*cl  cui  ihmu^li  the  medium. 

66S.  Mechanlifal  EfTects  produced  by  the  Kathode  Baya.— 
Ctuokes  has  ^iokii  that  when  the  kathode  rays  lall  <in  a  imall  wheel 
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wtih  <-ane«,  uch  ■*  h  shown  in  Vis-  54°>  ■"  such  a  w.ty  that  ib«  my* 
oitly  nrike  the  vane*  on  one  side  of  the  axis  of  Uie  wheel  ihu  tatter  wiU 
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<X  the  plaic,  I'win);  10  ihc  inipACt  of  ihc  chuntcd  partirtd  wliich  iiiilx 

6&4.  Ronlfren  Rays.— \Mi«n  ili«  katlioilF  mys  strike  upon  mitKi, 
in  iiilililloii  In  inilucinii;  photphomitnuT  and  r>i%\Ti^  the  icnipcmun 
and  in  ccrinin  caws  cauviig  ihc  rmission  ol*  kathode  lays  tbcic  ii 
produced  a  kind  of  rays  which  differ  from  the  kathode  rxft  2nd  Inxi^ 
ordinary  !tj;hi  niys  in  very  mjuiy  panioibrt.  Tlicsc  tays  were  fim 
discm-cred  by  Ronigcn,  and  are  ilierei'ore  called  Rfriiigen  ray*  nr  X 
niy>.  They  difler  from  kadiode  rays  in  tl:at  tliey  pan  throi^-h  rUn 
and  many  other  maieriaU  u-iih  compaiatively  little  abMrptioe,  xtA 
ihey  ar«  not  deflected  by  a.  miiKnei  ai  Ate  ihu  kathode  myi.  The; 
differ  from  ordinary  light  ray^  in  that  thcj-  do  noi  aiqiear  to  be  tt- 
fracted  when  they  pass  from  one  medium  lo  another,  while  H  hai  bntt 
found  impoasiUc  to  oblaln  by  ihcir  means  any  «ij^s  of  intctfettott 
phenomena. 

Tliy  fonn  of  lube  which  has  been  found  best  for  producing  thc*e  ny* 
is  shown  ill  Fi(;.  538.     Il  cuiut^i'i  of  a  concairc  aluminiun^  kathode  K, 

and  a  platinum  plate.  A,  as  anixk. 
which  is  inclined  at  45'  to  ihr  .»)< 
of  the  kalliode.  The  tube  iiwif  is 
formed  of  soda  k'^^  lincc  it  li  foM^ 
that  lead  |[lft*t  is  veri-  opmiue  to  ihe 
rays.  The  kathode  rays  are  focus**! 
on  the  platinum  anode  and  the  Kim:- 
(jcn  rays  proceed  ja  if  they  cajnc  in  Mrw^ht  linos  frtwii  tlie  point  of  die 
nnoilc  where  the  kathode  rays  strike  il. 

The  prvsente  of  Konip;ii  rays  can  be  detected  either  by  thdr  »f^ 
on  a  pliotagrdphic  plate  or  l)y  the  fluorescence  which  they  excite  "b*" 
they  fill!  on  some  stibslantts,  such  as  the  double  cyanide  of  potaMio"! 
and  [ilatiiium      *nie  most  striking  ]ipciiliarity  of  tlievc  rays  is  that  thej 
are  cnjuble  of  penetrating  many  »uhsiAnce«  wliich  are  o(nu)iic  to  ordinivy 
Unlit.     TInii  bl.ick   jinper,  wood,  and  aluminium  arc  tmnsparent,  «hilt 
the  more  ilcnsc  metals,  surh  as  lead,  are  opaque  to  the  lays.     The  mtot 
imjxiii.iiii  pM<:tir.il  applic.ition  of  the  differences  between  the  tram- 
patency  of  diffeicnt  Ijodies  to  iheic  ray*  is  owing  to  the  fact  that  whiie 
flesh  is  faitly  transparcni  the  bonei  ure  veij-  much  more  opaijuc.    Thin 
if  a  tube  producing  Ki>nlgen  raya  is  placed  above  the  hand  whileaphoio- 
gmpliic  pbtc  il  placed  below  the  hand,  the  rays  will  p;ii*  lliroiitih  the 
flesh  of  the  h.nnd  and  will  act  on  the  plate.     The  bon«,  however,  will 
stop  the  niys,  and  lience  lho»e  parts  of  the  plate  within  the  shadow  of 
the  bones  will  only  1)e  slightly  nITrcicd,  and  on  developinK  the  plate  a 
shadow  of  ihc  bnn»  of  the  hand  will  be  nblained.     Such  a  phuloj^^iph 
is  shown  in  Fiy.  539,  ami  it  will  lie  observed  that  the  bones  are  much 
more  opaque  than  the  flesh.     Instead  of  iising  a  photographic  plate,  a 
papei  tctccn  nhich  is  coated  with  one  of  ilic  isXw  uhich  fluoiesces  when 
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■  luxt  «p:uk  gaps  in  its  ciicuii,  then  on  parsing  a  m\a\\  spaik  ncrtna  iho 
up  [>,  the  iCbiHUmce  <rf  ihis  gap  will  be  so  niiKh  k<IucmI  by  the  parage 
'  this  spark  (hat  itt  resicuncit:,  loj^brr  w-iih  thai  of  tbe  gap  C,  a  no 

llMiRur  able  lo  suppati  the  difiTercnce  of  poienitaJ  wilb  wbidi  the  jar  a  i* 

rhjr>:«),  and  ra  a  ipark  will  occur 

M  c  and  at  n  due  to  a. 

Thit  dTcci  has  bc«n  accounted 

for  by  suppnsinjf  that   before  an 

<;lm>i<:  diM:hiiigecimp.-uslbn.<ugh 

a  gAU  MQW  of  the  muteca>«i  of  th« 

gm  mint  be  broken  np  into  ions, 

ihal    is,  diModaicd.     The  great 

initial  diflcrcncc  ai  poicnlial   rc- 

quirci)  In  c<>uM  llie  postage  of  llic 

(liM:ltiir)[<!  is  uippooed  to  be  doc 
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In  iIm-  fact  ibat  a  considerable:  cleciromoiivc  inicnsity  U  n«ccsssuy  to 
prnchicc  the  diKiociation  of  the  ffn>-  The  druociaiion  being  once  prn- 
diKcd  it  h  iuppi)>«d  that  an  appreciable  lime  it  iet(iiitcd  for  live  dlv 
sociaied  ionti  citlier  li>  rvcoinbiue  or  to  diffuse  auay  froin  the  spatk  gap, 
and  so  the  electromotive  force  necessary  to  p;iss  a  discharge  t>  reduced, 
■ince  it  ha«  not  \o  do  the  woilt  of  dissociation.  That  there  i«  at  iuiy  rale 
some  tiuih  in  thi:i  view  is  probable  frota  the  experimenial  fact  thai  it  is 
posMble  lu  Mow  out  an  ntc,  that  is.  if  fre^h  undissucialcd  air  is  blown 
bt-lween  tlie  electrodes,  the  polcnlial  dii&icjice  uiiicli  was  sudicieiil  lo 
maintain  a  dtschari^  when  the  diswx:iaicd  ait  was  allou-ed  tu  remain 
belween  the  elecirodcs  will  no  longer  be  Miffioeni  to  diiMXiate  ibc  ftc-sli 
air  Tliii  view  is  fuiihcr  supporttd  by  some  plioto^tnplH  of  a  spiik 
uken  l>y  FcddcTscn  wiib  a  rotating  mirror,  «'hen  a  currcni  of  air  wax 
pasted  between  tli«  elccirudes. 

The  first  sparkii  are  straight,  and  siretch  siraiglil  from  one  electrode 
to  the  other,  while  the  later  sparks  are  bhnm  away  in  the  middte  in  the 
direction  of  the  cnrreni  of  air  as  shown  in  Y'lg.  54:.  It 
would  Ibus  seem  that  the  nit  first  becomes  dissociated 
ahuit;  the  line  of  maxiniiun  electromotive  inteituiy,  and 
litis  dissociated  air  being  carried  away  with  the  air 
curreni,  the  ftpsrk  prefers  10  pass  along  the  patli  of  ihii 
alrestdy  dissociated  air.  although  It  is  longer,  than  to 
dissmSaie  a  I'rcsb  ((uantity  of  air.  Thti  bet  that  the 
air  requiici  a  coiuiderabte  ctectrnmotive  intensity  to  ctiUM  ttissoaation, 
but  that  Mice  dissociation  is  produced  onty  a  coniparaiivcly  small  dif- 
ference of  |»tentiaT  is  required  lo  keep  Up  the  discbar)t«.  has  reccii-cd  a 
very  rnlerestintt  ajifiJicalion  al  the  baitds  of  Herti,  who,  as  wo  shall  see 
later,  has  by  this  mcnni  been  able  to  show  experimentally  thai  llsht 
really  consisis  of  sn  elect  mniagnelic  dtsniibance  ia  tbc  ether,  as  bad 
I  predicted  by  Maxwell 
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A  fciibjci:!  wliidi  seems  (o  hiive  considerable  bc^irlng  on  ihis  point  ii 
(hi.'  (KLHUgt  i>(  clttiririty  tliipu)-!]  Iiol  ffatca.  When  the  tcmpcraiuic  rf 
a  giis  II  rabed  to  thai  whk'h  airrei|)ondi  to  a  r«A  licii  in  n  toiid,  ittt 
cteciroinnlivv  iniensity  ncceaiary  to  ptoiiace  tlie  patMi)(r  of  n  disch»r|rc 
a  very  much  reduced.  The  decree  wiih  which  hoi  ffn.se«  conducl  tS«- 
trkiiy  is,  howrvcr,  very  diflcrcni  for  dilicrenl  jj-amm.  Thus,  sudi  |[j*m 
as  air,  nitii^n,  and  hydrogen  ooly  condnci  very  ^bly  even  at  a  h^ 
icnipemiuic.  so  that  a  chnigcd  body  «'hcn  surrounded  by  theie  gaM« 
hues  its  charge  o»ly  very  slowly,  and  this  loss  seems  to  be  due  soUly  U 
a  coni-ecliiT  aciii>n-  Thew  ga'^ei  arc  th«»e  whkh  arc  known  noi  w 
be  easily  diuociaied  when  beated.  Cases  i>n  ihc  other  hand,  web  u 
iodine  and  hydriudic  add,  which  tat  known  rrom  expcrimenls  on  their 
density  at  high  temperatures  to  diitodaie  inia  aionts,  rt>ndu«1,  *^ra 
healed  to  such  tempera  in  ret,  with  eomparalivc  facility.  In  the  case  nf 
Other  gases  such  n«  amitinni'im  chloride,  which,  although  ihey  dii»ucialt 
wh«n  hntfd.  do  not  split  up  into  atoms  but  into  simpler  moleculnlin 
thccaseof  NH,C1  into  a  molecnic  o(  ammonia.  N'H„and  a  molecule  uf 
hydnwhioric  acid.  HC1),  the  conductivity  whtn  hot  w  only  very  dighl, 
It  would  appear  from  Ihis  consideration  that  the  passaifc  of  el«<iiiciiy 
thn>U)[h  a  gia.  can  only  occur  when  there  are  free  atoms  prcscnl  lo  cany 
the  charge. 

The  pas«aj;e  of  electricity  through  a  gas,  even  at  a  low  lempemiure, 
is  very  niuth  facitiiated  if  the  kalhiide  is  exposed  to  uhra-i-iojel  light 
This  effect  seems  to  he  due  to  the  production  of  dust  in  the  sUTToiindin); 
gai  by  ihe  disintejimiian  of  ihc  negatively  electrified  electrode  imder  the 
influence  nf  ihc  ultra-violet  lighL 

Thi:  passage  of  cleciririiy  through  a  gas  i«  also  very  iniich  fadlilaied 
if  the  air  between  the  electrodes  is  traversed  by  the  R0iiig«n  ray*.  A 
gas  which  has  been  exposed  to  the  action  of  the  rays  retains  it-i  property 
of  conducting  electricity  for  a  considerable  lime  after  the  rays  have 
ceased  to  para.  The  gas  may  alio  Im  passeil  tlirough  a  considerable 
length  of  glais-iubc  without  Inking  its  property  of  conducting.  Il  ap- 
pears, therpfone,  that  the  ROnlgen  mys  have  the  pim-cr  of  ionising  the 
mo'ecoles  i>f  ilie  k^*^ 

56S.  DtlTerences  between  Positive  and  Negative  Electrifica- 
tion, — llitrc  are  ;i  number  of  diffeienccs  briweeu  ihc  appeaianrcf  jire- 
seiUed  by  the  two  electrodes  when  a  discharge  passes  ihruiigh  a  gas,  to 
ioinc  of  which  we  have  already  alluded.  Thus  in  air  at  atmospheric 
pressure  the  sparks  generally  start  from  one  point  on  the  negative 
electrode,  while  they  spread  over  a  considerable  surface  of  the  poiitive 
electrode,  and  in  the  branched  spark  all  the  branches  always  pmnt 
towanls  the  negative  electrode.  In  an  exhausted  tube,  as  <kv  have  seen, 
ihc  appearances  at  the  two  electrodes  dttfcr  in  a  most  marked  manner. 
There  are  other  differences  between  posilit*  and  negative  clcclrifica- 
lion.     Thus  a  piece  of  bright  rinc,  when  illuminated  by  ulita-violet  light, 
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hwes  a  iMRative  durjre,  vhile  it 
under  (hcM  cnndiiiotiK. 
When  a  brush  ilischaigc 
b  fu^n(^tl  ul  a  point  the 
5M>l<!n(iiU  wUl  be  greater  if 
the  point  is  positivdj-  clcc- 
tiiiiHl  iban  iT  it  is  n«i;3- 
livcly  clrcirificd. 

Tlw  moM  sinking  differ- 
ciKc  is  obtained  ir  a  di.i- 
cluii),'r  ib  prudiKcd  between 
adurxed  coniiutlor  and  tlic 
intfacc  of  a  Don-i.*»nductor 
on  tbc  xurfhcc  of  which  sonie 
badly  conduciiiiK  powtfcr, 
MKh  as  li'copodiurii,  lia« 
been  tirewn,  or  on  10  the 
Muface  of  a  phoiograplii<. 
drj-'pUte.  The  ajipcatante 
when  ilic  comluclur  is  poiii- 
tii'vly  elccirilicd  i»  i>hown  in 
Fie.  S4)>*'h>lc'"  I'  'K'  544  (he 
aplvAiaiicc  when  ll)e  condiictui  is 
nctjiitifclj'  elettrified  n  given,  ami 
it  will  be  »ccn  tliiit  the  differcnct 
It  mosi  uuirkcd.  The  fxpbnaiion 
*A  iboM  diffcreorcs  has  noi  yet 
been  xivcn,  and  allhouK^  (here 
sre  muny  otiier  fjicti  which  seem 
10  hare  a  bcuriiii;  «n  ihii  moiil 
(ucinatit)},'  hriinch  of  physin, 
tp«cc  vill  ni>I  )>crniit  of  our 
telling  uith  (hem  in  th«»e  paK(^^ 
Tlie  rcider  who  niibes  to  pursue 
the  fiil'jcci  funhcr  will  find  a 
\trf  coRiplrte  acroiinl  of  the 
iKirk  which  has  been  done  in 
tliis  wbjcct  in  I'rofeiftor  J.  J, 
Tbomsan'*  **  Reci^t  Researches 
<a  Elcnriciiy  and  MaKnetisin,' 
•nd  al*<i  in  a  volume  1>y  him  on 


is  aUe  to  retain  a  positive  cliar^e 
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PART   IX.— MAX\Vrj-i;S    ELECTRO- 
MAGNETIC THEORY 


CHAPTER  XIX 


TRANSPP.RBSCB    OP    BLBCTRO'MAGSBTtC    JiNBRGY   ASI> 
MAXWELL'S  BLECTRO-MAOSBTK  THBORY  OP  UCRT 

509.  Poyntinir'a  Theory.— Wc  have  m«i  hou.-,  arronJins  10  >hr  nm 
of  KntntUy  nml  MaxwrtLif  Fa  the  itrrnglb  of  lh«  clci.trtMtatic  fkUali 
Lgivcn  point,  and  A'  ihc  spcdtk  inductive  rnparily  tiT  thr  ni«rnitn,  de 
crgy  stored  up  in  each  unit  of  volume  of  l!ie  iltplwiric  at  U»e  jpw* 
:  i«c(|UnJ  lo  A'/-~*<'Sir.  Il  c^tn  abo  be  <^li<i<iii)  iluit  in  the  some  wsfibc 
ftiipryy  vioicil  \ip  ill  Ciicli  iinil  i>f  volumr  of  a  iiieditim  of  whtdi  tlic  r«-'- 
incahilttriiMMapoint  ofamaKieiic  (ieW  wlierc  the  strength  oft' 
in  ^/,  it  eijiia]  lo/iZ/ySr.  Heiic«  the  elirciric  and  iitaKnctic  cncie-  , 
unii  volume  of  a  medium,  which  it  Ifae  scat  of  both  riectni-sbuic  Md 
^mngndic  foecri.  is  A'p^itwi-ii/i*ltiw, 

Suppose  ft  condcuwr,  ar.  Fig.  545,  «  chnfEed  «>  that  the  pbte  »  ■ 
uti^<c,  then  tubci  of  force  will  sireieb  from  the  [ibie  a  to  ihe  pUie  k 

The  KT«Alcr  pniptr- 
litm  tif  idfW  tubes 
«;11  stmr.h'  amo 
IhE  tparc  (iiHiit^ 
the  Itno  pUlev  HI 
that  mo6I  iif  ibe 
cnctKy  tlue  la  ibe 
dia  tf;  c  w  ilt  be  niofsl 
up  in  the  dielennc 
tiet»een  tl>e  pUle^ 
Tlw  whole  enciST 
is  In  this  ca«e  ia 
Ibe  farm  of  dertiA- 
vuiic  itrain  in  the 
medium,  hii<«  there iiitoelcctra-magnefic  feti'C  prndnccd  in  the  ■it'-  '  — 
If  the  plaiesof  ilir  condenser  are  ton n«ted  by  ji  rmuJutimit  wiie, 
:  nuy  suppose  of  ^'cry  gnM  Itsinance,  ia  thai  tjw  rondcnwr  1  l  ^ 
lipfinKiable  time  to  dhcliatge,  this  wire  will  bo  inTcrted  bjr  ■□  r 
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urrent,  and  M  tl>c  uune  limo  ihe  difference  of  poieniul  between  the 
dates  of  the  condenser  will  diniiiii^i.  During  the  pusu^e  of  ibe  eleo 
icily  tfarau^-h  the  wire,  there  will  be  produceil  an  elect lO'magneiic  field 
^n  iti  nei/hbcnirhood,  thai  U,  ilie  lurtoumlinjf  meiiium  will  poMe*^  cnerjt)' 
due  to  llie  iii.'i};nct)c  vxava  »el  up,  AI»o  ihc  p.-imiKe  of  il>c  electricity 
will  be  accompiiiiicd  by  the  priHlurllon  of  heat  in  the  aire,  lu-rordin^  to 
Jaulc'x  taw.  When  ibc  <liiicha[)cr  is  complete,  ibe  whole  of  the  cner|;y 
which  mu  originally  slnred  up  as  eleciro-tlaiic  ilrnin  of  the  mrditim 
betneen  (he  p1ale«  nf  llic  condcnwr  will  hav'e  been  rnnvencd  into  heal 
in  the  connecting  wire.  Durinjt  the  process,  howctcr,  a  cetlain  pro- 
portion will  have  existed  in  the  medium  surroundin);  the  uirc  in  ilie  forni 
of  cnc'iiy  of  the  magnetic  field,  although  it  also  fnialty  benmies  chansed 
into  licat  in  the  wire.  An  intereitiiig  queiiion  now  arise)  ai  to  the  w«y 
in  which  ili«  energy  (laveU  from  Ilie  mcdiiun  between  Ibe  plates  to  the 
wire.  I'oynling  ba>  ahuivn  that  the  ener([y  traveb  throngfa  the  medium 
sepatalin);  tbc  platen  and  surrounding  the  wire,  and  that  Ibe  paihi  along 
which  the  energ}-  moves  are  the  iniencciion  of  the  e<|uipoientiaI  surfaces 
of  the  elect  TO  tta  tic  and  ihe  elect  ro-mag  net  if  l>rld«.  Thus  in  the  rate 
of  the  ciindenscr  dincliar^ng  through  the  wire,  the  tube*  of  fnrre  are 
GUppoheil  to  spread  out  from  the  apace  hetnecn  the  platen,  (lie  ends  o( 
the  tubrs  remaining  on  ibe  pUici.  Tltrsc  tubes  will  meet  the  wire,  ar>d 
wlien  they  do  this,  tbcy  will  l>c  brolcen  up  and  the  energy  which  each 
contained  dill  l>c  deliixred  to  the  wire,  where  it  will  appear  as  beat. 
Tbc  bnviking  iq>,  or  inther  absorption,  o(  each  lube  by  the  wire  will 
allow  ft noil>er  lube  to  etjiAnd  from  the  apuce  bet«ecn  the  plMtei.  ('wr 
each  tube,  since  it  exert*  a  lateral  compreision  on  the  inside  tabes,  will 
tend  to  prevent  tbeir  leaving  the  space  between  the  ptttes.  Tbc 
alnorpiKMi  of  a  tube  by  ilie  wire  will  reduce  this  lateral  pressure 
exerted  on  the  inside  lubes  '"d  hence  more  tubes  wi'l  be  able  to  swell 
oui  from  the  space  between  (he  plate*. 

On  Pi>yn(ing's  theory  (he  energy  which  U  transmided,  tay,  slnng  a 
telCKTaph  cnbte  is  not  Iranuiiiitcd  along  the  crmduttmg  wire  Uit  ihmogh 
the  ineulating  sheJilli,  the  object  of  tlienirelieing  lo direct  ihepalh  along 
wliich  the  energy  iravels. 

The  telegraph  cable  may  be  regarded  ns  a  wire  sunounded  by  a  con- 
centric conducluT,  the  shealh.  the  inters|iace  being  filled  with  a  dielectric. 
When  (he  wire  ti  posiliwiy  eleclrilied  and  the  slieath  negalicely  by 
connecting  the  wire,  liiy.  lo  the  piwilive  plale  of  a  charged  ror>denier, 
the  negative  pUic  being  pnt  to  eartli.  that  it.  connected  to  the  sheath. 
labes  of  fni«-  will  tirrlch  xrov,  from  the  wire  to  the  sheath.  The«- 
labea  will  Inivel  forward,  each  carrying  it*  share  of  electrical  energy.  If 
we  sit[>i>uie  ihc  ihi'hneM  of  lite  iniut.iting  cohering  to  remain  the  VAtnc 
thtiwghnut,  llien  tbc  length  of  the  mbe*  of  force  wilt  remain  il*  same  as 
Ihey  travel  onward.  The  diflerence  of  potential  belweeci  the  ends  of 
each  lube  wilt,  however,  diminish  as  the  lube  advances,  according  to 
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OhrnS  taw.  Sinco  ilie  ctil1«^rciK«  oi  pnlcntia]  between  the  irire  and  lie 
shcsih  (leci«a»cii,  the  work  vrhich  would  )iav«  io  be  done  lo  otrry  iiM 
chwice  irova  (be  neighbourhood  of  the  wire  \a  that  or  the  «h«.itli  will  At- 
creue,  and  «ince  the  distance  between  tlie  «•«  ii  wppoied  to  itnair 
the  same,  it  mu»t  follow  that  the  fotc«  acting  on  ibe  unit  cbarge  «ill 
alw  diminitb,  IliaC  ii,  ihe  stieii{:lb  of  tlie  field,  f-',  between  tiie  win 
and  ihc  shcAih  wilt  dcneue  as  we  go  from  tlie  KndinK  end  of  the  obic. 
Now  wc  have  seen  tlial  the  eneigy  cunlatoed  in  unit  tcn^h  of  c^kIi 
tube  of  forcR  is  cijual  to  /■'/:.  Hence,  since  the  Icnttth  of  the  tubts 
rcliuin*  conii.-inl  and  /*  dccieascs,  the  quantity  of  ciwr):y  (ontalneil  in:! 
each  lube  irill  decrcMc  ox  the  liihc  ttnveli  away  fmm  its  si.-irtin^'-pMnL. 
Thc  paiugc  of  the  cunent  thraUK^  tbc  wire  and  sheath  is  wc  kiuK 
accompanied  \y/  the  convcnion  of  a  certain  propoiiton  of  ciccttica! 
«ncr(;y  into  heal,  and  (hi«  decrease  in  the  elcctriotl  CDCrtiT'  of  each  till* 
as  it  travels  alon^  r«pre3eiits  the  loss  of  energy  in  ibe  conductor,  acoeri 
ing  to  Joule's  law. 

Since  the  electio-static  lines  of  force  aie  ndial,  the  cfecirvstaut 
equipolcntial  lurfxcc^  will  be  cylindcrt  which  are  concentric  trilh  the 
wire  and  the  sheath.  'Hie  nia},*itetic  liii«  of  force  ate  circles  with  ibe 
wire  a.%  centre  and  in  planes  at  ri^ht  aii^'tes  to  the  length  of  the  «nrc,  to 
that  the  magnetic  etjui potential  surfaces  are  planes  which  pas%  thTOtit[h 
the  wire.  The  inleiMclion  of  the  two  sctK  of  eqiii potential  surfaces  will 
be  linus  which  are  parallr!  lo  ihc  axis  of  ttie  wire,  and  it  i&  along  iliew 
lines  that  the  cnctity  travels  oni  from  the  battery  at  the  sendinK  tiation 
to  tlic  distant  end  of  the  telegraph  rnUc. 

The  siipjio^iiinn  thai  the  electro-static  ciquiputential  tubes  arc  cjlinden 
of  which  the  axis  of  the  wire  is  the  axis  is  nut  quite  true,  for  as  we  go 
away  from  the  sending-pojni  the  difference  of  potential  lieiw-ren  the 
Hire  and  the  shcatli  will  deereiise  by  Ohm's  law,  so  that  ifae  nuntlMtr  of 
equipolential  surfaces  included  between  ihc  wire  and  the  sheath  inuit 
decrease,  the  surfaces  being  supposed  to  be  drawn  for  a  given  difference 
of  potential  between  coniecuiive  surfiiccii.  The  rcmll  is  that  the  e(|ai- 
poleniinl  surfaces  are  really  frusira  of  cones.  These  cones  will  intersect 
the  wire  and  the  shcnih  at  inicrvalt  Blonj;  the  cable,  and  it  is  along  the 
line  of  inicrscclion  of  such  a  cone  wjili  the  nnaKnelic  cquipuicniial  sur- 
faces thai  the  electrical  energy  travels  which  enti^rs  the  wire  or  sheath 
and  is  cxinvorted  into  heat.  If  the  wire  and  shealh  were  composeil  of 
conductors  of  lero  resistance  there  would  !jc  no  fall  of  potential  along 
the  wire,  and  in  this  case  ihe  elcclro-static  cqiii potential  surfaices  wouM 
nowhere  inienecl  either  the  wire  or  tho  shcnlh.  so  that  no  electrical 
energy  wouUl  travel  into  the  wire  or  shealh,  and  hence  no  heat  would 
bo  gcneiaicd 

When  a  current  is  liowiug  in  a  eirtiiJI,  say  a  coil,  tbc  space  siirrotind- 
in);  the  coil  will  be  a  niagncDc  field,  and  hence  ihere  will  be  a  certain 
amount  of  energy  noted  up  in  lliis  magnetic  6eld.     If  now  the  current 
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is  stopped  the  iTiaKnctk  lield  will  ceue  to  exist,  and  (he  qucslian  .nriscK, 

«h;«t   becomes  of  ihe  cncr|{)'  whk:h  was  nlorcd   up  in  ihc  field?    lliis 

\      energy,  if  the  circuit  is  at  a  disiancc  from  otlicr  circuits,  reiunis  to  the 

circuit  and  (jiv^  rise  tu  the  induced  curn-nt  within  the  clrcuil  wliich 

it  produced  when  the  curtcnl  is  slopptii.     Thus  llie  phenonienon  of  self' 

I      tnduclion  (§  518J  is  due  to  Ihe  reiurn  lo  the  citcuii  of  the  energy 

!       which  during  tbe  passage  of  ihc  current  is  stored  up  in  the  niajniclic 

field  prodiWTcd  by  ibc  cunrm.     When  a  current  is  siarlciJ  in  a  circuit, 

■ocne  of  ihc  energy  of  the  bailcry  employed  to  send  the  ciirrcni  is  used 

up   in   providing    the   energy  of  the   iiiugnciic    lield.     When  u  secuiul 

circuit  is  near  the  circuit  in  which  the  current  i»  flo«ing,  on  stoppinf; 

ih»  currcDl  Mme  of  the  energy  of  the  magnetic  field  will  soak  intn  this 

neighbouring  circuit  and  will  prnducc  iit  it  an  induced  current. 

570.  Magnetic  Force  caused  b;  the  Motion  of  Electro  statie 
Tubes  or  Force.— Wc  havt  >ecn  that  when  electricity  inovei  frwn  one 
part  of  a  conductor  lu  another,  that  is,  when  a  current  pastes  IbrouKh  a 
canducior,  that  a  magnetic  tield  is  pnMluced  in  the  neighbnurhood  of  Ihc 
conductor  in  which  the  electricity  is  moving.  It  might  be  conceived  that 
the  magiKlic  licld  produced  in  this  way  by  the  movement  of  clcctiicily 
■-as  due  to  tome  special  properly  of  the  electricity  uhcn  it  is  moving 
from  one  part  of  a  eon<luctor  to  another.  V^1)en  a  conductor  is  diarged 
viib  electridiy,  the  electricity  being  at  rest,  the  space  surmunding  Ihe 
charged  Ijody  is  in  such  a  condition  that  elect n> 'italic  forces  are  set  up, 
that  is  it  is  *n  electro -sialic  ticld.  In  ihc  last  section  wc  have  seen  ho» 
the  passage  of  an  clcctiic  current  through  a  wire,  which  for  Mmpliciiy  »e 
took  double  so  that  the  outgoing  and  reiurn  were  close  together  {it  must 
be  temembered  iliat  there  must  alway*  be  a  return ;  it  may  be  at  a 
1  coasiderabte  dtiiance  from  the  portion  of  the  circuit  we  are  immediately 
^  considering,  but  it  is  there  nevertheless),  it  accompanied  by  the  motion 
of  the  clectro-siatic  tul>cs  of  force  through  the  medium  between  the  wires. 
Since  by  the  motion  of  electricity  in  a  conductor  which  is  accompanied 
by  the  moitnn  of  the  tu1>es  of  electro- static  force,  or,  as  we  may  call  them, 
ihc  Faraday  tubes,  to  distinguisli  d>cin  from  the  tubes  of  magnetic  forc<', 
magnetic  f<>iccs  are  »ei  up  in  the  diclcdric  snirounding  the  conductor, 
Ibe  question  arises,  would  magnetic  forces  be  set  up  in  the  aame  way  in 
Ibe  surrounding  dielectric  if  we  were  to  tauie  the  motion  of  Faraday 
tubes  through  the  dielectric  by  moving  the  body  on  which  a  charge 
eants  i  Tlius  suppose  wc  consider  two  metal  platen  placc<l  parallel  to 
one  anolhci  in  air,  one  charged  positively  aiul  the  other  ncgaiirely. 
'Hie  Faraday  tubes  will  then  stretch  across  from  the  positive  pbte  to 
Ihe  negative  plate,  an<l  in  the  space  between  the  plates  we  have  an 
ekctro-ttatic  Aeld  ;  but  as  long  at  the  charges  on  the  plates  are  at  rest 
there  will  be  no  magrietic  field.  Suppose  now  the  two  plates  ate  mm-ed 
parallel  to  their  own  plane  and  at  tbe  same  speed,  then  the  tul>cs  will 
^^Wt  dMA-e  with  rcfettnce  to  the  charged  plates  but  they  will  sweep 
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through  ihc  air  which,  owin^'  lo  ihc  nwiion  vA  <he  pUi«t,  viii  pau 
lhnni):h  tlic  space  briwceii  ih«  pUt«s.  in  tins  taic.  then,  ire  hai«  pro- 
diicni  a  niotlMi  of  ihc  f  uriidky  luWs  u-iili  rererriM-c  to  ihc  >iidcctric  (»n; 
withuul  any  iiuitiofi  of  elcclricily  un  cuixtiu-'lon,  nnd  ihc  t|ticatiiOD  atiin, 
will  lite  ail  between  ibc  pUte:*  in  which  the  Kamday  tubes  are  muvn; 
be  the  scat  of  a  inui;"C'i'=  ^'cXA,  ai  it  ccriainly  wouM  b«  if  [lie  itwinn 
of  the  tuljM  were  Rinnfi  on  owinn;  lo  tl>c  itioiion  of  electricity?  Thi* 
question  waii  aiuwercH  hy  Rovilniul,  who  found  by  experiment  thi:  i 
mntciieiic  field  mts  produced  hy  the  itioiioa  of  il>c  tuba  caiucd  byibt 
niDiinii  of  the  chai^d  body  with  rH'eicn<«  to  the  dklcciric  Since  ibb 
ex  peri  men  I  shows  ihni  magnetic  fort-c  caii  be  produced  by  the  RMttOO  of 
Faraday  lubes  through  a  medium,  it  seems  only  kjiiiioMte  to  wppMc 
lluit  ill  every  eaM  the  production  of  a  magnetic  field  by  a  current  i«  du« 
to  the  motion  of  [he  Faraday  tubc^  which  i«  always  going  on  when  tudt 
a  magnetic  lield  exiti&  If  ive  ndopt  Amp^e's  hypothesis  thai  the 
magitelisiii  of  pL'rniancnt  mn^els  is  due  to  i-urients  which  circutaie  in 
■he  moleculci  of  the  itnn,  then,  since  llivse  cutrents  iiiuxi  be  acoumpontd 
by  the  motion  of  Fantday  tubc^  in  this  caM  ako  the  magnetic  Held 
prodLiced  can  t>c  coniidered  a«  due  to  the  motion  of  these  (ube«. 

Ahhough  lo  go  inin  this  Hibjrci  any  further  would  lead  uk  bevood 
the  scope  uf  this  work,  we  may  mention  thai  I'rufestor  j.  ).  Thontson  ht' 
shown  how  the  various  phenimiena  r&  the  magneiic  field  ran  be  explained, 
if  we  siippouc  ihai  the  motion  of  the  Faraday  iuhe«  produces  a  inain^tic 
lield  the  direction  of  which  \%  perpendicular  Ixith  lo  ilie  length  of  the 
tube  and  lo  tlie  direriion  in  ivliirh  the  tul>c  is  moving.  ' 

571.  Dlsplncoment  CurrenU.— When  an  eleclromoiivc  fotw  or 
dilTerente  uf  potential  .ids  beiwc<.'D  two  point*  of  a  conductor,  then  .1 
motion  of  elcctriciiy  is  produced  in  the  conducior,  that  is  to  say,  a 
current  is  produced.  If  the  oonducior  is  an  clecitolylc,  then  n  cunent 
is  produced,  but  white  there  wi)l  be  a  certain  amount  of  energy  convened 
into  tie.1t,  at  the  wme  lime  the  passage  of  the  current  will  be  accom- 
panied by  certain  chemici!  chanKts,  In  boih  of  theic  cases  the  passage 
of  ihe  nirrenl  will,  if  mr  leave  out  «f  con^dcralion  opposing  E.M.F.'s 
produced  by  polarisation,  continue  at  loii;;  as  the  differenee  of  pi>icniia1 
is  maintained,  (n  the  case  of  a  ditfecenct  of  potential  being  pmdiiot^ 
beiween  two  points  in  a  dielectric  the  circumstances  ate  quite  dificreni, 
for  in  this  rase  no  current  pastas  through  the  dielectric,  neither  docs  any 
chemical  change  lake  place. 

As  ««  have  Keen,  however,  the  diclrnric  is  evidently  in  a  state  nf 
stmlTi,  for  it  has  become  doubly  refracting,  while  the  fact  that  if  ibc 
diflrprence  of  potential  encewds  a  certain  value  a  spark  passe<i,  shows  thai 
ihe  medium  cannot  support  an  indefinitely  great  electric  stress 

In  order  to  acrotmi  for  the  different  propenies  of  dieted rics,  Max<tell 
supposed  ih.it  «iicii  a  dielectric  is  subjcried  to  an  electromotive  force, 
that  ill,  to  an  cleiiiical  stress,  a  displacement  of  eleciriciiy  lakes  pUce  in 
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tli«  diclcciric  in  ili«  direciinn  of  theclcciitrjil  sircss,  but  ihni,  unlike  what 
it  lh«  aisc  nith  conducwr*,  a  diclc^lric  is  able  iti  cpnlinuniiitly  tup^iorl 
ih*  strtss  the  correipooiiinji'  ctcain  being  ihc  dispUcenicnl  of  posilive 
electnciiy  id  tlie  clitcciion  of  tlte  clcciromoiivc  furcc  and  iic^atii'c  elec- 
iritily  in  the  oppositi;  diicaioii  ;  the  dilfcfeiice  belweai  a  contiuclor 
uid  a  dielectric  with  tvfurcncc  to  the  elecinc  stress  l>cing  similar  to  thai 
between  a  )i(|uid  and  a  solid  with  reference  to  n  sheering  Kircvs,  In  ilic 
solid  a  cheating  simin  is  nrconipanicd  hy  a  siress  which  opposes  ihc 
urain,  and  is  cqunl  nnd  opposite  (o  tlie  strain.  In  tbc  case  of  a  liquid, 
bowcvcr,  as  long  as  ilic  strain  is  changing  there  uilt  be  a  certain  stress 
called  imopUy.  as  w-cwiw  when  tonsidcring  the  viscosity  of  liquids '>il  no 
pcmuuient  strain  tan  be  kept  up,  so  that  this  r-ase  corresponds  m  that  of  a 
cociducior  in  which  no  peruianeai  cJectncal  displacement  can  he  kept  up. 

Lei  A  and  B  be  two  parallel  meial  plates  formin);  n  ondcnscr, 
CovMider  any  one  of  the  lulies  of  force  stretching  between  the  plates, 
then  this  tube  will  start  from  a  portion  of  the  plate  a,  containing  a  unit 
positive  charge,  and  will  end  on  a  portion  of  tlie  plate  B,  containing  a  unit 
ACgati^^  charge.  Kow  Maxwell  supposes  that  the  diarges  which  appear 
od  the  ntetal  plates  are  simply  the  manifestations  of  the  state  of  sliain 
enMing  in  ibc  dielectric  coninincd  within  ihf  tube  of  force. 

StippoM  that  A  and  B  (tig.  %),(■>)  arc  the  two  plates  of  a  condenser, 
and  that  these  are  connected  by  a  wire,  W,  in  which  is  placed  a  source  of 
E.M.F.,  »ay  an  elcruic  battery,  Y.  Owing 
to  the  action  of  the  E-M.!'.,  suppose  thai 
a  quantity  of  electricity,  Q,  is  displaced 
along  the  wire,  so  thai  A  becomes  posi- 
lii-ely  eletlnfied  and  b  negatively  electri- 
fied. "Ihe  effect  of  these  electrifications  of 
A  and  B  will  be  to  produce  an  electro- static 
force  acting  ftom  A  to  B  in  the  dielectric 
between  the  plates.     Now  ^taxn-cll  sup- 

pccec  that  this  force  will  produce  an  electric  displacement  within  the 
didenric  ihc  positive  electricity  being  moved  from  a  lowatds  %  and 
ftinher,  tbal  if  we  consider  any  plane,  cii,  dtawn  so  as  to  separate  the 
dielectric  between  i)ie  plates  into  two  strata,  then  the  total  quantity  of 
elcelrkhy  which  will  cross  this  plane  owing  to  the  dispiaccracnt  will  be 
equal  to  Q..  Hence  at  the  same  time  Ih.il,  owing  to  the  E.M.F.  £,  a 
qoaniiiy  ordcciriciiy,  ^,is  forced  across  every  cross  section  of  ibe  wire,  W, 
Wi  ctitial  quantity  of  elcctririiy  will  he  forced  across  ever^  crosvsection 
of  the  diekelric  If  the  F..M.F.  in  the  wire  is  removed  the  cntxtenscr 
vill  discharge  ibrough  the  « ire  w,  and  while  Q  units  of  ekctricily  will  flow 
tfanngb  the  wire  from  a  to  n,  (2  units  will  also  cross  every  plane,  such  as 
CIi,  drawn  acrou  the  dielectric  in  the  direction  from  B  to  a.  Hence  the 
charge  and  the  ditcliarge  of  a  condenser  may  le  regarded  as  the  motion  of 
rhraririly  in  a  <lot<d  drtuit,  just  as  is  tbc  case  when  «c  have  lo  do  with 
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k  produces  iIk  coefficient  tA  duiiciiy  of  the  mcdiuin.  Thus  ihc  dearua] 
ctKffickni  of  dastkiiy  of  a  dktecinc  u  eigunl  la  vll^^  where  A'  it  ih« 
«p«v-ific  inductive  capiKiiy  of  ibe  medium. 

Th«  tcason  why,  although  dixpUcemeni  lakes  place  ihroughoul  ihc 
mass  of  the  dieleciivc,  it  is  oDiy  on  the  bounding'  sut6c«  between  ihc 
dielectric  ind  a  cooductor  that  an  electrical  cliirge  is  niAnifest,  is  similai' 
10  Die  ivaMQ  that  alihciugb  a  msf^neined  bar  i*  nuigneiised  throughout 
its  mutt  it  i«  only  %\  the  ends  that  this  musneliMn  b  e\-ident.  \^'iihia 
the  mass  of  the  ma^netictnaieiial  Uie  oppciaitemacnciiintionoif  adjacent 
porttoos  of  ibe  material  ncuinttiK  ach  oibcr's  tvternal  effect.  Id  the 
same  way,  in  the  cue  of  the  dielectric,  alihoujih  there  ii  diipUccmcni 
(farougboat  the  mass,  y«t,  since  the  displaceinmi  in  any  snail  poition  rif 
the  mediaro  vill  catue  it  to  became  electrified  potiitivcly  on  one  side  and 
nri.-aiivcly  on  the  oihcr,  lbc«c  charges  will  not  produce  any  external 
effcr.i,  since  tbc  neighljouring  portiont  of  the  medium  will  alwi  be  eleari- 
iirtl  in  RKh  a  way  that  their  sides  turned  lovardt  ihe  fir^l  portion  will 
exhibit  an  C4)t)al  and  opposite  eltcuiflcation. 

572.  HaxwcU's  ElMtro-nwgnMIe  Theor;  of  Liffhu— AJthoujjli 
Maxircirs  theory  0I  eicctrical  displacement  does  not  in  any  way  attempt 
to  tell  us  what  electricity  is,  ycx,  \rj  shom-inf;  bow  the  obMrn-cd  facts  can 
be  accounted  for  by  ascribing  certain  elastic  properties  to  the  medium,  it 
is  of  very  great  importance,  and  it  led  Maxwell  hitnsdf  to  the  important 
coneluMim  that  it  must  be  possible  to  produce  waves  in  a  dkleciric,  the 
periodic  disturbance  by  nbich  lhe>-  are  consiituiod  bcin^  electric  dis- 
placcmcni  cuircnis  in  the  diclcciric.  Further,  an  examiitaiion  of  the 
ptoperties  of  such  waves  showed  that  ibey  will  be  propagated  witli  a 
defioHe  vekKity>  this  velocity  bcin^;  that  with  uhich  light  is  propagated 
in  the  given  ii>ediiim.  Tlie  medium  in  which  tbc  waves  are  propagated 
is  not  mailer,  for  eleciricat  forces  can  be  transmitted  ibrough  a  vacuum, 
so  that  we  are  leil  to  postulate  on  this  account  Ibe  existence  of  an  eiber 
which  pervades  all  space:. 

Although  the  mailer  is  not  ihc  medium  in  irhicb  the  waves  are  pra- 
duced,  there  is  no  doubt  thai  the  presence  of  matici  docs  inAuence  the 
vdocitr  »iih  which  the  electrical  waves  nie  propaKHird.  Now  when 
consklering  tbc  propagation  of  tight  we  have  been  ted  10  similar  con- 
clusions, lor  ibe  velocity  of  light  depends  on  the  nature  of  the  matter 
tKCupying  the  space  through  which  the  light  is  traveiting,  and  since  light 
can  travel  through  space  where,  as  far  as  we  can  tell,  no  matter  exists, 
some  other  medium  besides  ordinary  matter  hoa  to  be  posttilaied.  Hence 
what,  till  Maxwetl's  time,  were  regarded  as  two  entirely  distinct  sciences, 
namely,  light  and  clcrtriciiy,  lead  to  ibe  postulation  of  tbe  existence  nf 
U  ether,  and  since  the  velocity  with  which  w»>cs  of  electrical  disturbance 
(ravel  thioogh  ibe  ether  was  found  by  Maxwell,  according  to  his  way  of 
regarding  the  plicnomcciH,  to  be  ibe  same  as  the  velocity  of  li^ht.  he 
natnraUy  concluded  that  the  two  phenomena  were  identical,  and  that 
that  which  we  call  light  it  really  due  to  the  passage  of  electrical  waves. 
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iRMnwwch  way  wm  MaxiT«llkd  iolii«eteciro-nut>!iic(kih«oryaflistit, 
which,  when  it  wax  liret  propooed,  received  hardly  any  suppoit,  but  which 
now  It  ncccpied  by  en-eir  one,  and  wc  shall  now  proceed  to  r«%-i«w  veir 
briefly  aoinc  of  ibeexpetimeutal  evidence  insuppon  of  iliii  theory. 

If  a«  coniider  the  \-Ibratians  set  up  in  a  ftprintf  which  \%  cUmped  a< 
one  cod,  it  ti  evident  that  tn-o  condilioni  have  lu  be  fulfilled  for  these  to 
Uitt  pUo(^  In  ibe  Gr»i  plnce,  there  nitut  be  an  ehuiic  force  caJlcd  into 
play  when  the  ipnnjc  n  bent,  lending  to  nKn-e  the  tprini;  back  into  i» 
imdellected  position.  Thii  alone  is  not,  however,  tulficicni,  for  unlr^s 
tbe  spring  poisesfted  inertia  ii  o'ould  ni>t  po«»c««  any  kinetic  ener^-\' 
when  it  reached  its  position  of  equilibrium,  and  therefore  would  dm 
twing  pott  this  position  ai;ainit  the  elastic  forces  which  oppose  iu 
motion.  In  the  electiicat  case  we  have  just  seen  how-  a  consideration 
of  the  electrical  propetlies  of  diclecirics  has  led  us  to  endow  (hetn  »-ith 
electrical  eliuiiclty,  and  we  have  now  lo  consider  what  evidence  there  is 
for  supposing  thiii  electricity  possesses  someihing  of  the  nature  of  inertia, 
for  if  cleciricfll  waves  ate  to  occur  it  must  possess  such  inertia.  In  §  318 
we  saw  how,  when  wc  aiicmpi  to  start  or  stop  a  current  in  a  cirtail,  01 
more  generally,  if  by  any  means  n-e  atieropt  to  alter  the  number  of 
nugnctic  tubes  of  induction  passing  ihraugh  a  circuit,  ekctrical  forces 
are  called  Into  play  which  tend  10  oppose  such  an  alteruioiL  Thus  the 
phenomena  of  self  and  mutual  induction  both  indicate  that  electriciiy 
poues«e*  xomeihing  of  the  nature  of  momenltmi. 

In  the  cat«  of  a  moving  body  the  momentum  ii  equal  10  the  product  of 
the  mass  into  ilic  velocity,  that  is,  into  the  rate  of  change  of  the  position 
of  the  body.  The  force  whirh  produces  the  momentum  n  equal  to  the 
rxte  [>f  cliani;e  of  the  momentum,  thai  is  ibc  product  of  the  mast  into 
the  acceleration  or  the  change  of  position  per  second  per  second. 

In  the  electrical  case  the  electromotive  force  oeccsiary  to  change  a 
current  lowing  in  a  circuit  is  equal  to  the  ntie  of  change  of  the  induction. 
B,  through  the  circuit.  The  induction  through  a  circuit  is  equal  lo  the 
product  of  the  magnetisitig  force  into  the  perroeability,  n,  whik  the 
niagnetising  force  is  proporiional  to  the  rate  of  change  of  the  electrical 
displacement  in  the  circuit  Hence  the  electrical  force  necessary-  to 
change  the  induction  through  a  given  circuit  is  proportional  to  the  pro 
duct  of  the  pcniicability  into  the  change  of  displacement  per  second 
per  second.  Coniparing  this  case  with  the  merhanic'tl  case  considered 
above,  wc  see  that  permeability  in  ihe  clecirical  coie  plaj-s  the  ume 
p.ti't  as  mass  does  in  the  mechanical  one. 

The  \'cloriiy  with  which  an  undulatory  disturbance  will  be  propagated 
through  a  medium  being  equal  to  the  square  root  of  the  quotient  of  the 
•lasiicity  of  the  medium  by  the  dennity,  it  will  be  understood,  from  uhat 
has  beui  said  above,  how  Maxwell's  expression  for  the  velocity,  f,  of 
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We  have  seen  that  the  valac  of  ./  \  ,  u  obtnined  fnnn  a  compariaon 

of  the  value*  of  the  elcciro-sintic  tinii«  with  the  corresponding  elcctro- 
ms)fncik  ones,  was  equal  to  tlie  velocii/  of  li^-hi,  »o  ih.-tt  this  formula  of 
MaxweJl'*  shows  that  electrical  wavei  will  travel  witb  the  velociiy  of  light. 

When  eicciricjil  ■■aves  arc  passing  ihroiigh  a  dielectric,  then,  M  any 
point  we  shall  liave  an  electric&l  displacement  produced  uhicli  uill  be  in 
a  direction  at  right  angles  to  tlie  direction  of  motion  o(  the  waves.  The 
dttjdaccmenl  will  occur  lirsi  in  one  direciinn,  rtsnh  a  niaxiinuni  valu«^ 
gradually  dccteaic  to  icro,  and  then  become  ne^tive,  and  su  on.  'J'hus 
the  electrical  displacement  wii!  play  the  siime  pari  in  electrical  wave*  a« 
docs  (he  displacement  in  a  vertical  direction  of  the  water  particles  in  a 
water  wave.  As  we  have  seen,  the  displacement  within  a  dielectric  is 
accumpaDied  by  a  strew  which  oppuaes  the  displacement,  and  this  stress 
plaj-i  the  Kime  part  as  Ihe  action  of  griiviiy  in  the  case  of  water  waves. 

Suppose  we  ronsi<!er  a  cylindrical  portion.  Ml  (1'ig.  547),  of  a  medium 
through  which  electrical  waves  aic  p:issing,  the  dircciinn  in  which  the 
wavi-s  are  n>wing  beinK  at  rtj;ht  angles  10  the  axis  of  ihc  <ylinder  and 
as  sltown  by  the  arrow.  As  the  waves  pass  <lic  electrical  displnccmcnis 
in  the  cylinder  AB  will  take  place  par.illel  li>  the  axis, 
thai  it,  at  right  anglci  to  the  tliicclion  of  motion  of  the 
waves.  The  sense  of  the  diKpUcemeni  will  he  iihct- 
nately  in  llw  direction  ah  and  in  the  direction  it*.  Now 
a  displacement  in  the  direction  All  will  produce  the 
nine  magnetic  field  as  a  current  in  the  cylinder  from 
A  to  B,  and  will  therefore  produce  a  system  of  magnetic 
lines  of  force  nliich  will  be  a  series  of  circles  having 
their  centres  on  AB  and  lying  in  planes  at  right  angles 
to  AB,  ilence  the  wave  af  electro- static  displacement 
will  be  accompanied  by  a  wa*e  of  magnetic  force,  for 
when  the  diipl.icemcnt  changes  sign  the  tlirerlion  of 
the  magnetic  force  will  aisn  change  sign.  Fmni  con>ideralions  similar 
to  those  adopted  in  ft  273,  when  considering  Huyglieiu's  construction  for 
the  wave-front,  it  will  1m:  evident  that  the  only  portion  of  the  line  of 
force  due  to  the  cylinder  AR  that  will  produce  a  magnetic  field  will  be 
thai  pcitlion  which  is  perpendicular  to  the  direction  of  nvulion  of  the 
wave,  that  is  'he  portion  in  the  wave-front.  For  if  we  imagine  a  sevond 
cylinder  in  the  dielectric  alongside  All,  then,  tf  these  are  both  in  the 
wave-front,  tlte  disptacenient  currents  in  them  will  be  in  the  same  phase, 
and  heoce  the  lines  of  magnetic  force  in  the  space  betn«ea  them  will  bo 
in  the  opposite  direction,  an<l  will  therefore  interfere  with  one  another. 
Hence  e^ery  electrical  wave  will  lie  accompanied  by  a  magnetic  wave, 
the  directions  of  the  electrical  displacement  and  the  magnetic  fuice  being 
at  right  angles,  but  both  being  in  the  wave-front.  Since  it  is  impossible 
to  obljun  oiM!  wave  without  tlie  other,  we  shall  often  speak  of  the  d«m 


rift  Mr. 


\      to  obljun  or 


1     -i    I  -..'.■:    -:,-..- 


:■:■:,  '.".j:    "   '—•:   me  ct  L:-  riii'se:  ;he  pi-.— -j.-  ■"-' 
i«.  :  :  ■-■-■;  -rru.:  ;r,  :h«  eier  :*  hanJcJ  •r.  ir^■ 
ii-i.  ii  -"flll  i:  :he  ra:i;r»  of  the  cit-t;r;-..ii  -'.'u.:. 


'I'-rr...^    a-s 


■••r.-l  '.r. 


i-.'.Il  'ifO,-:  ■!»;>  anmenl  of  Ilie  jioiilivt  electridly. 


S  573]  MaxweUs  Theory  of  Light  S71 

itself,  is  unknown,  and  till  these  are  known  we  are  unable  to  answer  the 
question,  "Whal  is  electricity?"  Since  the  motion  of  the  enei^y  takes 
place  at  right  angles  to  the  lubes  of  force,  that  is,  to  the  direction  of  the 
rfectro- static  field,  and  also  at  right  angles  to  the  magnetic  field,  we  have 
here  a  confinnation  of  Poynting's  theory  on  this  subject  (§  569). 

678.  Cotmeetlon  between  RefHuJtlve  Index  and  Specific  In- 
dactlve  Capacity. — If  v  is  the  velocity  of  electro-magnetic  waves  in  air, 

then,  according  to  Maxwell's  theory,  we  have  v=  .  /  -=^1  where  a.  and 

K  are  the  permeability  and  specific  inductive  capadty  of  air.  Similarly, 
iff/  is  the  velocity  in  a  medium  for  which  the  permeability  and  specific 

inductive  capacity  are  /i'  and  A",  then  1/=  ^  -pn- 

Thus  vl7/=  VC^'//A>X 

Now  in  the  case  of  all  transparent  bodies  /t  is  very  nearly  unity,  so  that 

in  this  case  we  have  ,  ,       i-rj.-nr 

v\i/=  -JK'IK. 

But  the  ratio  of  the  velocity  of  light  in  air  to  the  velocity  in  a  given 
medium  is  called  the  refractive  index  of  the  medium,  while  the  ratio 
K'lK  is  the  specific  inductive  capacity  of  the  medium  taken  with  refer- 
ence to  air.  Thus  if.n  is  the  refractive  index,  and  K  the  specific  in- 
ductive capacity,  both  taken  with  reference  to  air,  we  have 

That  is,  the  refractive  index  is  equal  to  the  square  root  of  the  specific 
inductive  capacity. 

When  we  attempt  to  test  the  accuracy  of  this  conclusion  by  experi- 
ment, we  are  met  with  the  difRculty  that  since  the  refractive  index 
changes  with  the  wave-length,  that  is,  the  velocity  changes  with  the 
wave-length  of  the  light,  the  question  arises,  what  wave-length  are  we 
to  employ  f  It  is  evident  that  the  correct  wave-length  will  be  that  which 
corresponds  to  experiments  made  when  detentiining  K.  Now  measure- 
ments made  of  the  specific  inductive  capacity  by  means  of  the  ordinary 
methods  with  condensers,  are  made  with  aiternaling  currents  to  avoid 
the  effect  of  absorption,  but  the  alternalions  have  a  frequency  (if,  at 
most,  3  few  thousands  per  second.  Hence  the  refractive  index  which 
has  to  be  used  in  testing  Maxwell's  formula  is  that  which  corresponds 
to  a  very  small  frequency,  that  is,  to  a  very  icmg  wave*length  ;  in  fact,  the 
wave-length  of  a  light  wave  of  which  the  frequency  is  a  thousand  would 
be  3  X  irf  cm.  Now  measurements  of  refractive  index  can  only  he  made 
for  comparatively  short  wave-lengths,  and  il  is  only  by  exierpolaiion 
that  we  can  calculate  what  the  refractive  index  would  be  for  ver;*  great 
wave-lengths,  and  most  of  the  differences  in  ihe  annexed  table  are  pro- 
bably due  to  this  cause,  for  we  have  no  evidence  that  the  laws  of  the 
change   of  refractive   index  with   wave-length   derived   from   the  small 
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Specific  Induetivf 
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SqiHn«r        1 
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Felroleum         .        .        .        • 
Tuipeniine       .... 

Caibon  biiulrfiidt    . 

Water 

3.3 

3.07 

=.23 

3.16 

3.13 

3.67 
76 
16.5 

3^03 

xoS 

a.13 
3X>9 
3.13 

2.14* 
3.15' 

2.67' 
..7S» 
1.83* 

"  Them  nluei  of  the  square  of  ihe  re&actiTc  index  ar*  for  Alichc. 

Il  will  be  seen  thai  in  general  the  agreement  is  sntisfacioo'-  I" 
some  cares,  such  as  waici  and  alcohol,  however,  the  values  obinincd 
(or  the  specific  inductive  capacity  are  very  much  gtcaier  than  Maxwell's 
theory  would  indicate  In  ibc  case  of  water,  ti  has  l>ccn  fouud  thai 
the  rcfratiivc  index  for  tlecirical  waves  having  n  frequency  of  aboot 
50  X  ic'isS.^.  Hence  for  w.ivcs  of  ihii  fnrqucncy  the  squaie  of  (he  teftac- 
tive  index,  791:.  is  approximalely  equal  to  the  ipec^lic  inductive  capacity. 

S74.  Transmission  of  Light  and  Conductivity.— Electrical  ua^-et 
can  only  be  Iransiiiiitcd  through  a  medium  in  which  anelectrical  diiplace* 
mciii  calls  forth  an  clastic  rcHslancc,  for  oihcrwiio  a  Wbralory  motion  i* 
iniposuble.  Ill  a  conductor  of  eleclriciiy,  however,  electrical  diiplaccmcnt 
can  take  placv,  and  net  force  will  be  called  into  play  tending  to  oppose 
the  displacement.  Electrical  waves  cannot,  therefore,  be  Irantmilled 
IhrauKh  a  eonduciing  medium,  and  since  light  waves  are  also  electro- 
magnetic  waves,  ihey  also  will  not  bo  transmitted  ihiough  a  conduaing 
medium.  Maxwell's  theory  thus  explains  why  the  metal*  arc^  without 
exception,  oijaquc  to  light.  Imulatora  or  dielectrics,  on  the  other  haiwl, 
since  they  can  tmnimil  electrical  waves,  will  also  transmit  tight.  It  does 
not  follow  thai  if  a  body  will  noIlrAnsmil  li>:ht  that  it  must  be  a  conductor, 
for  a  medium  niay  be  opaque  bccaiibu  its  structure  is  not  homog^cneout. 
'Dills  glass  in  a  block  is  transparent,  but  |)ouaded  glass  is  opaque,  the 
opacity  being  due  to  (he  icatlcrini;  of  the  light  by  the  small  particle* 
cf  glass,  since  there  will  lie  a  certain  amoun(  of  reflection  at  every 
surface. 

675.  The  Faraday  EfTeet.— In  t84$  Faraday  discovered  that  when 
a  beam  of  plane  polaris«il  lijjht  (S  400)  i»  patted  ihroiijfh  a  magnetic  field 
in  ihc  direction  of  the  lines  of  force.,  the  pinnc  of  pnlariiation  of  the  light 
b  rotated  owing  to  its  pnsiuigc  through  the  field.  Thus  if  ihc  light  from 
Ihc  source  I.  (Fig.  ;i9)  is  paued  through  a  polarising  Nicol,  t>,  ilicn 
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ihrough  a  tube  Tcontainint;  water,  or  belter,  carbon  bisulphide,  and  finally 
ibroujfh  an  analyiing  Nicol  A,  then,  on  ruiailtiR  this  analyser  vo  that  its 
principal  plane  »  perpendicular  \a  that  tA  ilie  polarising  Nicol,  no  li^lil 
will  be  ItaDsmiiicd.  If,  lioM-CT-cr,  a  current  is  pnucd  llirough  a  coil  C 
which  surrotinds  the  lube  T, 

M)  as  to  produce  a  niagnetic  

6eM  with  llic  liacs  of  force    l  p  ^^^^^|  A 

parallel  lo  tlie  direction  in  A  /\^  \  y       ~1        A<^ 

wtiicb  the  ligbt  is  travelling,  

the  liiclit  will  lie  found  lo 

paxs  thraufi'h  the  analyser  A. 

By  turning  the  analyser  il  piu.  j^ 

it,    however,    possible    to 

atjain  cut  off  all  ihc  ligbl.     This  cxperimcnl,  ibdcforc,  shows  not  only 

that  the  plane  of  poluri«:iiion  of  the  light  has  been  totaled,  btit  also,  since 

bjr  rataltng  the  analyser  it  is  po^ible  to  cut  olT  nil  the  light,  that  the  beam 

musi  renuiin  plane  polarised.     If  the  direction  of  the  current  b  reversed, 

the  direction  of  the  roLiiion  is  alio  tevcrBed 

There  is  an  impoilani  diffctencv  between  the  rotnlina  of  the  plane  of 
polarisation  thus  prodiircd  by  matter  when  placed  in  s  magnetic  ^cld 
and  thai  produced  when  a  ray  of  light  is  iranunittcd  through  a  plate  of 
an  xlotropic  body  such  as  qiiarti  (J  4iO-  Suppose  a  tay  of  plane  pobr- 
i)cd  light  it  transmitted  ihrouj^h  a  tube  containing  water,  T  (Kig.  $49^  in 
the  ume  direction  at  tlial  in  which  the  lines  uf  force  of  the  lield  proceed. 
Then,  looking  in  the  direction  in  which  Ibe  lines  of  forec  nin,  the  plane 
of  polarisation  will  be  roialcd  in  the  clockwise  «lirrc  I  ion.  If  the  direction 
of  the  light  is  icverscd,  the  rotation  will  stiil  take  place  in  the  clockwise 
direction,  as  seen  by  an  observer  looking  along  p-^ 

the  direction  of  the  lines  of  force,  but  will  appear  JiIqI///.'///^ 

in  the  opposite  direction  to  an  observer  looking      M  trHjijB  yrt        j 
in  the  dxrcciion  in  wliich  the  light  is  travelling.  ^^ 

HeiKe,  if  the  ny  or  light,  after  liaving  odl'c 
passed  ihrotigh  the  lube  of  water  in  the  ntag-    ,.  ^^.U^l 
Mlic  field,  is  icfleclcd  back  along  its  course,  it  IJ     | 

■ill  be  again  rotated  in  the  same  direction,  as  p,g_ 

br  as  t)ie  coil  is  concerned,  as  during  its  first 

pusage,  and  the  plane  of  polarisation  will  thcrcfoce  be  turned  throtigh 
twice  the  angle  tlitough  whkh  it  was  turned  owing  lo  the  tingle  passage, 
la  ibc  case,  hon-ever,  of  a  ray  of  plane  polarised  light  transmitted  ihrougb 
a  plate  of  quarti,  q  (Fig.  5;o),  in  a  direction  parallel  to  the  axis  of  Ow 
crystal,  the  miction  ulll  take  place  in  one  direction  nlien  ihe  light  passes 
one  way, but  will  take  place  in  ihc  opposite  direction,  as  far  as  the  cnaial 
is  concerned,  if  the  direction  of  the  light  is  revcrie<L  Hence,  if  ■  ray  of 
plane  polarised  light  is  ttanuniitcd  ihroiqjh  such  a  plaic  of  quani,  and  is 
then  reAcclcd  so  as  to  again  irarcrM  llie  crystal  in  the  res-cne  direction. 


CHAPTER    XX 

ELECTRICAL  OSCILLATIONS 

679.  OsclUalory  Discharge  of  «  Leyden  Jar.— When  a  con- 
denser, »uch  as  a  I.c>dc»  jnr,  it  chaijfcil,  s»y  the  iiuide  coalin);  \inog 
at  the  hijihur  puU-niial,  ihcre  will  be  a  displACcmcnt  in  the  dielitlrie 
I  tcpnTalinK  ihc  coaiinj;*.  When  ihc  jar  is  discharticd  by  cunnecting  its 
coatin>^  by  a  randurtinK  wire,  the  displacement  dccre-i^i  till  it  becaiun 
zero,  bul  when  this  point  ia  reached  under  certain  circumstances,  u-hick 
wo  shall  consider  later,  the  inertia  of  the  electrical  ditplacemcni  earnta 
it  thriMi^-h  lii  position  of  cquilibriuni,  and  a  displacement  in  the  opposite 
direction  to  the  ori);iiial  one  occurs.  This  displacement  corresponds 
to  the  chm((ing  of  tlie  jar  in  the  opposite  direction,  that  la,  the  iande 
cnatinic  liectimes  ncKiiiivcly  charged  As  thi»  charging  in  the  rcrerae 
direction  prorceds  thai  it,  Hi  ihe  negative  displacement  increases,  &■> 
opposing  clastic  force  will  he  called  into  play  which  will  diminish  ilie 
eloctriail  kinetic  energy  till,  when  the  whole  of  this  encr^iy  i»  converted 
into  potential  energy  in  the  form  of  dielectric  strain,  (be  jar  will  Marl 
discharging  in  the  opposite  direction,  The  ne^iive  displacement  will 
then  decrease,  becoming  tirro,  and  then  a  disptaccineni  will  occur  in  the 
positive  direction,  the  inside  coating  again  bcconiiog  positively  charged. 
Thus  the  discharge  of  llie  jar  docs  not  consist  of  a  simple  pass.-igc  of  a 
current  in  one  ditclion,  but  the  charge  surges  buckwariU  and  Arirward^ 
e^ich  coating  becoming  charged  alternately  positively  and  negniiicly,  so 
that  an  aitcniuiin^  or  oscillating  current  is  set  up  both  in  the  wire  con* 
ncaing  the  cnaiings,  where  the  current  is  a  conduction  current,  and  also 
in  the  liieleclric,  ivhcrc  it  is  a  displacement  currcnL  The  magnitude  ni 
the  charge  dtcrcnse*  with  each  oscillation,  for  the  paM-igc  of  the  cuncni 
through  the  M'ire  is  accompanied  by  the  development  of  heat,  accx>rding 
to  Joule's  law,  and  this  energy  has  to  be  supplied  by  the  electrical 
energy  which  was  oiiginally  stored  up  by  the  siraiu  of  the  dielectric. 
Tbc  phenomenon  of  the  oscilbtory  discharge  of  a  condenser  is  exactly 
the  «ame  as  that  of  the  vibration  of  a  flexible  rod  ctaiiiped  at  one  end. 
When  the  free  end  of  the  rod  is  at  the  eiircmity  of  its  swing  its  energy 
IS  entirely  potential,  due  to  the  strain  set  up.  The  condition  of  the  md 
now  corresponds  to  that  of  the  jar  when  it  has  its  maximum  charge,  and 
possesses  energy  due  to  the  Strain  of  the  dieleciric.  As  the  rod  swings 
towards  its  position  of  rest,  the  potential  energy  becomes  gradually  coo- 
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vetted  inti>  kinclir  energy  ;  while  in  the  eledtical  case,  as  tlic  ilischntge 
proceeds,  ihe  poicnii.il  energy  becomea  converted  into  kinetic  energy, 
that  is,  into  the  energy  of  the  magnetic  6eld  produced  by  Ihc  current 
which  ll0"-s  in  llic  wire  and  in  the  dielectric  This  kinetic  energy  carrier 
the  rod  in  the  one  case,  and  the  eicctrica!  system  in  the  other,  beyond 
the  posilion  of  rest,  but  now,  since  ihe  elastic  forces  oppnie  the  motion, 
the  kinetic  energy  wilt  gradually  be  converted  into  potential  energy. 
\Vben  the  whole  of  the  kinetic  energy  is  thus  converted,  the  rod  will 
have  reached  ils  tnaniinuin  displacemeat  in  the  new  direclion,  while 
the  jar  will  in  (be  same  way  have  il»  maximum  charge  in  ihc  new- 
direction. 

On  account  of  ilie  viicotiiy  of  the  meial  and  of  the  ra^isiance  of  the 
air,  some  of  ilie  energj'  of  the  vibrating  bar  will  be  convened  into  heat, 
awl  Ihe  ainpliiude  of  Ihe  otcittaiioni  will  decreane.  In  the  lame  way,  in 
the  caic  of  the  jar,  owing  to  the  resistance  of  the  wire  connecting  the 
coatingx,  electrical  energy  will  be  converted  into  heat,  and  the  amplitude 
of  the  electrical  osc  ilia  lion*  will  dectcAse.  The  greater  the  rc*istnnce  of 
ihe  wire,  the  more  rapid  will  lie  the  rale  at  which  ihc  elecirical  energy 
will  be  convened  into  hcai.  and  the  greater  will  be  the  tale  of  decay  of 
llie  oscillations.  If  the  resistance  of  ihe  wire  is  gradii.illy  increJiscH, 
l^n,  just  as  when  a  peodulutn  when  displaced  in  a  very  t  iscous  material, 
mcb  as  treade.  will  nut  vibrate  but  will  sjitiply  slowly  move  back  to  its 
po»itW>n  of  rest,  so  in  the  electrical  CAM,  if  (be  reiiilance  of  the  con- 
necting wire  is  very  great,  no  eleclricat  osctlUtions  will  be  *el  up,  but  the 
charge  oi  tbe  jar  will  slowly  decrease  to  tero,  and  wilt  not  overshool 
this  position. 

The  first  to  show  from  niathematical  principles  that  the  ditcharge 
of  a  Lcydcn  jar  must,  so  long  as  the  lesiwanre  of  the  diwhargc  wire  i* 
noi  too  great,  be  of  an  oscillator}'  character  was  t-ord  Kelvin,  who  also 
sbou-ed  thai  the  periodof  tlie  oscillations (r).  thai  is,  the  iiitcrt'al  between 
when  ihe  Jar  lias  Its  maximum  charge  in  one  direction,  nvust  be  given  by 
U.eeHaa.ion  r~,„^lc 
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re  ^  it  the  capacity  of  the  condenser,  and  L  is  the  coefficient  of  self- 
induction  of  the  wire  connecting  Ihe  coalings. 

Tlie  traih  of  this  formula  has  been  tested  experimentally  by  examining 
the  spark  which  pavies  bet<n-ecn  two  knobs  placed  m  1  he  dii^iaise  circuit 
a  Leyden  jar  by  means  of  a  rotating  mirror.  If  the  discharge  consisted 
the  passage  of  electricity  in  one  direction  only,  (hen  when  examined 
lilh  the  rotating  mirror  ihc  spark  would  appear  as  a  contintiout  iMod 
light,  the  length  to  which  il  was  drawn  out  depending  on  the  time  ilic 
rk  laMed  and  on  tbe  »peed  of  rotation  of  ihe  niirrur,  As  a  nutter  of 
when  the  resistance  of  the  discharge  circuit  is  not  very  great,  the 
ipark  is  seen  to  consist  of  a  number  of  bright  patches  separated  by  dark 
iwiervals.    Each  of  the  bright  patches  corresponds  to  il>e  passage  ofi 
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579.  OscltlAtory  Discharge  of  a  Leyden  Jar.  — 'tVbm  a  con- 
deiiter,  «uch  lu  n  I.c^drn  j»r,  is  chargcil,  say  !hc  inside  (.-ualint;  Ixriiig 
tt  tlie  biKlirr  polcniiftl,  ilicr*  will  be  A  displacement  in  (he  diclcciric 
•epatatiii){  ihe  c^aitn^s.  W'licn  the  jar  is  discharged  hy  oanticcting  ils 
coaling  by  n  conducting  wUe.  ilie  displacement  decreaic»  till  it  becomes 
icru,  but  when  this  point  M  reached  under  <:i:rtain  cir<^uinstancc«,  wbidi 
we  sliall  consider  later,  the  tncrtiu  of  the  elcctriciti  displacement  carrier 
it  ibrouKh  its  position  o(  equilibriun),  and  a  ditplHccmcni  in  the  opposite 
direction  to  llie  original  one  occurs.  This  displacnncni  corresponds 
to  the  cliiirging  of  the  jar  in  the  oppciiice  direction,  that  is,  the  iBsidc 
coaling  Ix:<-c)me«  negatively  charged.  As  this  charging  in  the  reveree 
direction  pmrceds,  that  is.  as  the  negative  displacement  incrcaoea,  aa 
apposing  cla§(ic  fotcc  will  be  called  into  play  which  will  dJminiiih  the 
clciiiicjil  kinetic  ciici^  tilj^  when  the  whole  or  this  energy  is  convened 
into  potential  energy  in  the  (bnn  of  dicltctric  strain,  the  jar  will  start 
dischar);iug  in  [he  opposite  direction.  Tlie  nes^tive  displacement  vill 
then  decrease,  becoming  tccu,  and  [hen  n  dii^placement  will  occur  in  the 
pOMtive  direction,  the  inside  coutin^'  U(;uiu  bi^connng  positively  chartied. 
Thus  thi?  dischaige  of  Ihc  jar  doci  not  consist  of  a  simple  passage  of  a 
current  in  one  direciion,  but  the  charge  surgCi  kickwards  and  forwards, 
each  coating  becoming  charged  allcrnuiely  positively  and  negatively,  so 
that  an  alternating  or  osciltaiing  current  is  set  up  both  in  the  witc  coo* 
nccting  the  coalings,  nhcre  the  current  is  a  conduction  curmil,  and  also 
in  the  dielectric,  where  it  is  «  displacement  current.  The  magnitude  of 
the  chaise  decreases  with  each  oscillation,  for  the  passage  of  the  current 
through  the  wire  is  accompanied  by  the  development  of  heat,  according 
to  Jotile's  law,  and  this  energy  has  to  be  ttipplied  by  llie  elecinca] 
energy  which  was  originally  stored  up  by  the  strain  of  the  dielectric 
Tlic  phenomenon  of  the  oscillatory  discharge  of  a  condenser  is  exactly 
the  same  ;ii  that  of  the  vibration  of  a  flexible  tod  damped  at  one  end. 
When  the  free  end  of  the  rod  is  at  the  cilremily  of  its  swing  its  energy 
b  entirely  potential,  due  to  the  strain  set  up.  The  condition  of  the  lod 
now  corresponds  ti>  that  of  the  jar  when  it  has  its  maximum  charge,  and 
possesses  energy  due  to  the  strAin  of  the  dicicctric.  As  the  rod  swings 
towards  its  position  of  rest,  the  potential  eiicr;gy  becomes  gradually  con- 
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verted  into  kineiic  energy  ;  while  in  the  electrii-nl  raw,  ai  the  discliar^ 
proceed*,  the  pdicntial  enerify  becomes  converted  into  kinetic  cncrjfy, 
that  iii,  into  tli«e  energy  of  the  mavrneiic  field  produced  by  the  tnifrent 
wfaich  flows  in  the  circ  and  in  the  dielectric.  This  kinetic  energy  cnrricti 
the  rod  in  the  one  case,  and  the  electrical  system  in  the  other,  beyond 
the  position  of  rtsi,  but  now,  tiince  the  clastic  forces  oppoM  the  motion, 
the  kinetic  energy  will  graduslly  lie  converted  into  polentijt  energy. 
When  the  whole  of  the  kinetic  enerj-y  is  thus  converted,  the  ro<l  will 
have  reached  its  maxiinum  displacement  in  the  new  direction,  whilf: 
the  jar  will  in  (be  same  way  have  it*  maximum  charge  in  the  new 
direction. 

On  account  of  the  viscosity  of  the  metal  and  of  the  rssiiiance  of  the 
air,  some  of  the  energy  of  the  vibrating  bxr  will  be  convened  inin  hejii, 
and  the  amptiiude  of  the  o&cillntions  will  derrcastr.  In  the  same  way,  in 
the  case  of  the  jar,  owing  to  the  resistance  of  the  wire  conneciing  the 
coalings,  clectricni  energy  v-ill  he  converted  into  heat, and  theanipliiude 
of  the  eie<:tricnl  oscillations  will  decrease.  The  greater  the  resistance  of 
the  wire,  the  more  rapid  will  be  the  rate  at  which  the  electrical  energy 
will  be  convened  into  heat,  and  the  greater  will  be  the  rate  of  decay  of 
ilie  oscillations.  If  the  resistance  of  the  wire  is  gradually  incieiued, 
tlien.  just  as  when  a  pendulinn  when  displaced  in  a  very  t iscotu  material, 
I'Sucbas  treade,  will  not  vibrate  but  will  simply  slowly  move  back  10  its 
potiiion  of  test,  so  in  the  electrical  case,  if  the  resisiitncc  of  the  con- 
necting wire  is  very  great,  no  electrical  oscillations  will  l>c  set  tip,  hni  the 
clui)!«  of  the  jar  will  slowly  decrease  to  tcro,  and  will  not  ovcnhool 
til  is  position. 

The  litsl  to  show  from  mathematical  principles  that  the  discharge 
of  a  Leyden  jar  must,  so  long  as  the  resistance  of  the  discharge  wire  » 
iMt  too  great,  be  of  an  oscillator}-  character  was  Lord  Kelrin,  who  also 
»hoi*«d  that  the  period  of  the  oscillations  (  T\  that  ii,  the  interval  between 
when  the  Jar  has  its  maximum  charge  in  one  direction,  must  be  given  bj- 
ihc  eiiualion  ,__ 

where  C  is  the  capacity  of  the  condenser,  and  /.  is  the  coeSiciGnt  of  self- 
indaction  of  the  wire  connecting  the  coatingsL 

The  truth  of  this  formula  has  been  tested  experimentally  by  emmminff 
the  ipaifc  wfaich  passes  between  two  knobs  placed  in  the  discharge  circuit 
of  a  Lcyden  jar  by  means  of  a  rotating  mirmr.  If  ihc  discharge  consiiied 
of  the  passage  of  electricity  in  one  direction  only,  tlien  nhen  emmined 
aiih  the  rotatin>r  mirror  the  spark  would  appc.tr  as  a  continuous  Iwind 
of  Irghl,  the  len^jlh  lo  which  it  was  drawn  out  depending  on  llie  linse  the 
■park  lasted  and  on  the  speed  of  toun'on  of  the  mirror.  As  a  matter  of 
feet,  when  the  resistance  of  the  discharge  circuit  is  not  wxy  great,  the 
spark  is  seen  to  consist  of  a  number  of  bright  patches  separated  by  darl: 
intcivaU.     Each  of  the  bright  {utches  corresponds  10  ilsc  passage  of  an 
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electric  curreiil  between  (he  knobs,  and  ihc  fact  that  the  current  a  not 
continiwiut,  but  (.vnsi»is  of  a  Dumber  of  Mpuate  curtent^  »ba«-»  that  the 
iliscbnriie  niuit  be  oKiltalory.  t'unlier,  front  the  speed  of  roiation  of 
ihc  num>ratul  the  distance  betireea  the  idukcs  of  the  aeparaie  ipaifa 
lieivrccn  the  knt>t»,  it  i(  possible  to  obt^  tlie  lime  of  occiltaiian  of  the 
diuharifc,  and  the  number  iha»  obtaiaed  a^te«s  with  that  calculated 
from  the  capacity  of  the  jar  and  the  adf-induction  of  ibe  dischar^ 
ciicuit. 

In  Fig.  5^1  a  copy  of  a  photograph  taken  by  Boys,  of  the  spark 
produced  heiwten  two  knobs  included  in  the  citonit  of  a  condenMr  by 
means  of  what  was  the  C(|uiviilcnt  of  a  loiaiinj;  minx>r,  \ery  dearly 
indicates  the  oicilUtory  naiiirc  of  the  diachatye^  h  nlll  be  noticed  that 
the  brilliaiKy  of  the  ipatk  decreases  with  each  oscillation,  this  being  due 
to  the  enci};ry  spent  in  the  wire  and  also  in  the  «paik  >:ap,  vbere  the  Kghl 
produced  is  eiidence  of  ihc  diMipation  of  electrical  cnerj.-y.  It  is  tather 
iniemiint'  to  remember  that,  according  to  the  elect m-tnaf[neitc  iheory 
of  li^ht,  light  conmti  of  electrical  oicitlaiians ;  thus  at  the  ^pirk  k*P 
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we  have  tlie  cnnipfl  in  lively  (.low  cleciricat  otdllaUoas  vrluch  ore  uMng 
pUcc  ill  the  jar  circuit  [lartly  converted  into  tlw  BHidi  more  npid  ckc- 
trical  oscillations  which  are  capable  of  alfeciins  our  eyes,  and  n  hich  «-e 
tall  ligbL  Much  the  same  thing  occurs  in  the  wire,  for  the  beat  which 
ia  there  devi^loped  laisea  the  temperature  of  the  wire,  and  hence  it  com- 
mences sending  out  radiant  heal,  which  is  simply  elect ro-magnciic  iraves 
of  which  tlie  wave-lcnjfih,  while  being  much  smaller  than  that  of  tbe 
electrical  waves  in  the  jar  circuit,  are  yet  Hmj  long  to  atfcct  our  eyes 
a*  liKht. 

680.  Resonanoe  in  Lejrden  Jar  Clreults.— \Vhcn  dealing  with 
sound,  we  found  thai  when  a  tuning-fotk  is  in  the  neighbourhood  of 
another  (<irk  which  is  in  vibration,  this  latter  wi!l  send  out  sound-waves 
which  will  strike  the  other  fork,  and  if  the  pitch  of  the  forks  is  the  same, 
these  waves,  which  arc  incident  on  ihe  second  fork,  will  set  it  in  vibraliom. 
It  is  however,  only  when  the  two  forks  arc  in  unison  that  sounding  the 
one  will  set  the  oiner  in  vibration.  Suppose  now  n^e  have  a  Leyden 
jar  in  uhicK  an  oscillatory  discharge  is  inking  place  ;  then,  according  to 


MAiwrirn  theory.  p|c<lro-magiicti<;  wave*  wilt  he  produced  In  the  Ricdium 
suriiiiinding  t^e  jar  which  will  be  of  llit  sanic  fri'iiucjicy  iii  ihc  os<.'ilU> 
lioiii  in  ihe  jar.  Hence,  if  a  Miond  jar  is  [ilaced  in  ihc  ni-ighbiiuihood 
of  ll>c  first,  and  il»  capiicily  and  the  iielf-in  duel  ion  of  its  diicharge  cjroiil 
are  sodioscn  ihat  llie  frcquencj'of  the  electrical  osciUni Ions  which  would 
cKxnr  in  it  when  il  is  chartteil  and  then  discharged  is  the:  uimc  lu  that 
of  the  mdllalioni  in  ihe  othnr  jar,  llicn  we  should  exprrl  ih.-it  the  nrriind 
jar  ntKild  Tr*pi>nd  lo  the  first,  and  that  electrical  oxcillalions  woulil  be 
tci  up  in  it  by  resonance. 

Tlic  coirecinc*  of  the  ;*l»ove  view  has  been  very  clearly  demonsinited 
by  Lwlge,  who  employed  the  arranj^enient  shown  in  Fig,  552.  A  Leydcn 
jar  A  has  its  inside  and  out- 
side coatings  connected  by 
a  wire  circuit  Col\  in  which 
a  spark  gap  c.  is  included. 
The  lerminnU  of  an  dcctri- 
eal  machine  are  connected 
10  the  outside  and  inside 
ootttinga  of  lliis  jar,  so  that 
when  titc  machine  is  wntkeil 
the  jar  will  beci>nie  chatted 
till  ilicdii&rcncp  of  potential 
n  llie  IcDnbt  of  ihc 
gap  in  sufficiently 
,t  10  ft>rcc  a  spark 
roM.  Now,  ai;  we  have 
Men  In  %  567,  when  a  spark 
ptuaes  in  a  gas,  the  resistance  of  the  gas  in  Ihe  path  of  the  spaik 
beeOfiKS  very  much  reduced.  The  result  is  that  the  pauage  of  a 
sp<irk  at  C,  since  it  makes  the  air  lietween  the  knoln  a  conductor,  has 
the  effect  of  cimv-etiinK  the  broken  circuit  of  the  jar  A  into  what  is 
practically  a  complete  condurlint;  circuit.  Hence  Ihc  jar  di^cliai^ev, 
and  eleclricnl  ou-iD.tiionn  nrc  set  up.  A  second  jar  B,  of  llie  stunt 
capacity  ns  (he  fiisi.  is  p1jicr<l  in  the  netghltourliuod,  and  is  fitted  with  a 
condnciin);  circuit  tc  conneciinx  iis  inside  and  outside  coalinna.  A  strip 
of  linfoil  connected  with  llie  inside  coaiinj;  of  tlic  jar  ft  is  hraujiht  over 
llie  edite  of  the  gU»i  10  within  about  a  millimetre  of  the  top  of  the  ouiMik 
ttMXing.  The  spark  f,-ap  K  thus  fofmed  serves  as  an  indirjtior  lo  show 
wlieo  osdtlaiions  are  set  up  in  the  jar  R,  for  when  these  occur  the  inside 
and  oatside  coatings  will,  at  the  extremity,  so  to  speak,  oif  each  ouillalion, 
be  at  dilfcrent  potentials,  and  so  a  spaik  will  (end  10  pass  at  H.  The 
length  of  the  dtbcharitc  circuit  of  n,  and  henc«  (he  Bclf-induclicn  ot  this 
circuit,  c»n  be  altered  by  sliding  the  wire  KK  through  a  rinK  at  P.  N«nr 
altering  the  sdl-iiKluclion  of  the  discharjie  circnil  will  alter  Ihc  firequencj- 
of  (he  oicillalions  in  the  jar,  ft>r  the  periodic  time  is  t^vni  lo  Ik^U.C, 
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where  /.  n  ihc  irlF-indtictioci  ol  the  ciTcuit.  Hence,  by  dfawing  the 
wiic  KK  iliiough  ttie  rinit,  wc  txa  nUcr  the  freqiieory  of  «l>c  cicctnial 
iMcillaiioni  corresponding  (a  th«  jar  K,  or  in  oiltcr  words  we  ran  tone 
lite  jar.  Now  ii  n  found  thnt  the  jar  ii  rcspoodt,  ilui  ts,  induced  osdILi- 
lions  as  indicated  by  ilie  sparks  at  h  only  occur,  when  the  length  of  the 
diidwr^^e  circuit  has  a  pariictilar  value.  If  the  circuit  is  longer,  so  thai 
Ibe  naluml  period  of  the  jur  B  is  (greater  t)uin  lliui  of  a,  there  is  do 
respciDM; ;  while  if  it  u  thort«r,  so  that  the  period  is  less,  titere  is  also  no 
response.  Wc  have  here  then  a  osc  which  is  <»)«np!«lely  anatogous  to 
the  rase  of  ilic  response  of  two  inning -forks. 

SSI.  Electrical  Oscillalions  of  Small  Wave- Length. -The  pciiodic 
lime  of  the  elcatica!  osciilaiioiu  set  up  when  an  ordinary  l.eyden  jar 
is  discharged  through  such  a  circuit  as  shown  in  Ftj;.  ;;3  it  about 
t.jXio"',  and  iinec  electiical  waves  trat'cl  with  the  velocity  of  lifiht, 
the  wave-tcni;ih,  wliich  is  the  distance  through  which  ilic  disiiubancc 
travels  during  the  periodic  lime,  will  be  alKtii  3X  lo'^x  i.jx  io~',  or 
4.5  X  10*  cm.  Thus  llic  »a»-cs  given  out  by  such  a  jar  are  of  quite 
aanianrtgeable  length.  Now  the  expcrinieiil  of  1*0  jars  tuned  to  unison 
considered  in  the  Inst  scciion,  nlthoujih  it  shbivs  that  enerxy  it  com- 
municated from  one  jnr  across  the  intervening  air  to  the  other,  does  mil 
indicate  whether  or  not  the  disiurbance  iravels  through  the  intcrvcuing 
air  insianianeouily,  or  whether  it  takes  time  lo  travel  from  ibe  ooe 
to  (he  oihcr.  as  Maxwell's  theory  indicates.  In  order  fully  lo  test 
the  question  of  the  ptopagation  of  electro- magnetic  waves  Ihroagh  a 
dielectric,  we  nK}uirc  ihcrefore  to  make  some  olber  experiment,  and 
this  involves  the  produciion  of  electrical  waves  of  Mnaltcr  wave-lengih 
than  those  Riven  by  the  jar.  llc-forc  proceeding  to  denrrihc  how  this 
WHS  accomplished,  it  will  be  worih  while  to  consider  for  a  moment  the 
conditions  which  have  10  be  fulfilled  in  order  to  produce  waves  of  com- 
paratively small  wave-length.  Inking  first  the  case  of  a  pendulum  ;  in 
order  to  set  it  swinging,  we  not  only  have  to  pull  it  to  one  side,  but  ib* 
muii  let  the  bob  go  in  a  lime  which  is  short  com|Mred  to  the  periodic 
time  of  the  pendulum.  Suppose  ihnt  ihe  bob  is  pulled  aside  by  means 
o(n  string,  then  if,  instead  of  cither  breaking  the  string  or  letting  ii  go, 
wc  allow  it  to  mn  through  our  fingers,  the  bob  will  simply  slowly  tetum 
10  its  position  of  rest,  and  will  not  be  set  in  vibration.  The  same  con- 
siderations apply  in  tbe  case  of  atlempiing  to  obtain  electrical  oscitbiiions 
of  small  wave-length,  only  in  this  ease  the  lime  of  a  complete  vibration, 
when  the  ivave-lenglh  is  a  metre,  is  only  3.3  x  to~*  second.  The  problem, 
therefore,  is  to  charge  up  a  condenser,  the  term  condenser  being  hen: 
used  in  a  genera!  sense  for  any  two  conductors  which  arc  rharRcd 
liimnlinneously  to  opposite  clecirilicalions,  and  of  course  for  ihis  purpose 
there  muM  be  a  break  in  the  discharge  circuit  to  allow  of  the  diffeiencc 
of  poieniliil  betiveeii  the  plates  being  pmducrd,  and  Ihen  by  some  means 
to  suddenly  close  tbe  break  in  the  circuiL    Any  attempt  to  perlbnn  ibis 
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closing  by  means  of  any  mechanical  dm-ic«i  Btich  as  a  key,  would  be 
futUe,  for  the  time  durini;  which  the  dosing  wa*  ukiii);  place  would  be 
much  greater  ihnn  lo"'  micoihI.  '\a  Hcru  belongs  ilit  honimi  of  havintc 
discovered  a  mcihiKl  of  cn'crcomint;  ihi<  diffirtiliy,  and  thus  n^nderintf 
the  production  of  elcciro-ma^neiic  wa^cs  of  small  wavc'lcn^th  pij&iiblc. 
He  found  thai  ilic  uleciric  «parlc,  whc-ii  ii  pastpj  in  air  bct»ccii  \vo  knob» 
which  arp  biijjhtly  polished,  has  the  tcniarkable  properly  of  not  only 
imakinK  the  air  between  the  knob*  for  the  time  btin>,'  a  conductor,  Imii 
rit  perfi>Tiii«  ihc  change  from  the  coodiiion  of  a  coiiipaniiivcly  perfect 
inctllalor,  which  exists  bcftitc  the  pnsaa^  of  the  sp.-irk,  to  the  coni> 
pamtivcly  conduclintf  condition,  which  holds  after  the  psuiage  of  the 
spark,  in  a  liiii«  which  is  sniall  compared  even  with  ro  '  Mcond.  Thua 
lh«  spark  k^P  >"  tlie  discharge  ciictiii  performs  a  twofold  duty.  It  first 
acts  as  an  in»uUii>r,  and  so  allows  the  conductors  on  the  opposite  sides 
to  be  charged  to  lui  appreciable  difference  of  potential,  that  is,  it  allows 
an  appreciabie  amount  of  energy  to  be  stated  up  in  Ihc  condenser,  and 
tbcai  when  the  diflcrencc  of  potential  ha«  reached  a  certain  value,  it 
wdilcnty  releases  tlie  cicclrical  strain,  by  convening  the  air  bctuCTin 
ttw  knobs  into  a  conductor,  and  so  allows  the  slrsuncd  dielectric  in  the 
ronaindcr  of  the  field  to  recover,  and  b  doin^  io  to  set  up  a  ciirtcni  in 
the  cirtiiiL 

582.  Hertz's  Experiments.— The  arrangement  employed  for  pro- 
ducing the  electrical  oicillaiions  used  by  Hcrli,  and  rjillcd  an  oscilUior, 
is  sliown  in  Fig.  553.  The  terminals  o(ao  itiduction  coil, c, are connccteil 
whh  two  metal  rods,  on  each  of  which  a  metal  —^ 

•phere,  A  and  n,  is  threaded.    The  ends  of  these  (  JA 

rods  arc  sopplicd  with  wctl-putishcd  brass  knobs 
which  fomi  the  spark  gap  t;.  When  the  coil  works, 
each  time  llut  the  primary  circuit  is  brnkcn  the 
uced  ILM.t'.  pnidtKed  in  the  secondary  circuit 
Be»  the  conelucior*  A  and  ii  till  tlic  potcnrial 
'difference  between  the  knobs  of  the  s]>aik  gap  is 
wSkienily  great  to  cause  the  passage  of  a  spark. 
When  the  spwirk  passes,  oscilialions  sue  set  u|> 
between  tlie  spheres  which  gradually  die  out  on 
account  of  tlie  energy  being  patliy  converted  into 
heat  in  the  rod*  connecting  the  iplicm  and  in  the  spark  between  the 
knobs,  and  partly  railia ted  into  the  surrounding  space  as  electro-magnetic 
wave*,  each  wat'e  represeming  of  course  a  c«naui  amount  of  energy 
wIiiHi  has  been  lost  l>y  the  oscillator. 

In  Hcrli's  original  oscillator,  in  which  tlie  diameter  of  ihe  t^bcret 
was  y»  cm.  and  ibe  distance  between  the  centres  wat  ico  cdl,  the 
period,  as  calculated  bj-  Lord  Kelvin's  formula,  was  1.85  x  lO"*  second. 
M>  iliat  the  wave-length  was  jx  loi'x  185x10-",  or  5.55x10'  cm. 
In  unler  10  obi.-iin  waves  of  still  smaller  wavc-tengib,  Ri};l>i  dcvliwd  the 
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■muigeawat  sbawn  In  Fig.  JSJ-  The  oscilbtor  in  iht*  form  coniitij  of 
hro  cplicro,  A  nnd  B,  v-Iiicli  are  placed  in  a  glas»  or  cbunilc  vc^fwl  «  hkh 
iii  6Uo<l  wiih  minerat  oil.  M>  ihat  n  frpark  gap<rfal>04it  a  iniltimeirc  Kcpar^iict 
tlicia>  Two  oibcr  ipheres,  D  nnd  E,  ar«  placed  in  ilie  posiiioR  shown,  and 
AKConnccicd  with  the  i«nntnali  of  an  induciioncoil 
nr  of  a  Haiti  cleclriiui]  machine  When  the  coil 
or  Riaclimc  »  in  action  a  upAiic  passn  between  ibe 
linohs  i>  and  K  through  the  spheres  A  and  B,  The 
{la^taec  of  t)iK  spark  catius  elecirical  oscillationi 
lo  be  wi  up  bci»*cn  A  and  B  through  the  oil, 
u'hicli,  ouing  to  thi^  paaaag«  of  ihc  tpark,  has 
IieciMiie  for  the  time  being  n  condiiciot.  Tlie 
presence  of  ilic  oil,  lince  it  requires  n  ^reaier  dif 
ferenoe  of  poienlial  to  Mart  a  discharge  (liiougb 
oil  (ban  thtoiiffh  air,  nllowt  of  the  sphcici  A  and  n  sttaining  a  Ki^eatet 
diflccenre  of  pnicnlial  before  n  spark  patset  than  would  be  pouJhJe  were 
air  ihc  dicIeciHc  t>ctween  the  spheres.  Hence,  since  the  qiuniiiy  of 
energy  that  is  stored  up  in  the  spheres  before  the  pa!iM|;c  of  the  spark 
it  pro|>oriional  lo  tlic  cliarge,  that  is,  to  the  difference  of  potential  w 
which  they  are  laised,  the  electrical  oscilluliont  will  be  more  cnerKel)^ 
that  is,  of  greater  amplitude.  In  tills  way  Rigiti  was  .able  to  oli4ai> 
electrical  waves  of  which  the  wave-len)i:th  waa  not  more  than  7,5  co^, 
white  more  recently,  using  the  sniiiu  dispositimi,  but  with  the  sphera 
replaced  by  nnall  cylinderi  abiiui  4  mm.  lon^,  Lcbedcw  has  obUtiDcd 
wave- Icnf! ills  of  levi  than  a  centimetre. 

Experiment  h.ts  shown  that  the  electrical  oscillations  whicli  are 
priiduted  by  any  of  the  above  .trran>.'cment*  very  rapidly  die  out, 
so  that  the  daiupiivg  is  victy  great.    Thus  in  Fig.  555  the  amplitudes 

ofsucncssjveoscilla- 
tioni  of  an  oscillate* 
irf  the  Heiti  forrn  is 
»hown,  the  al»ci*«e 
representing  time 
and  the  ordi nates 
the  difference  of 
IKttential  betff«eii 
the  spheres.  It  »ill 
be  noticed  that  afier 
ten  rnmplcte  osdlta- 
tii>n.f  the  amplitude 
is  reduced  to  about  <xo7  of  its  oiiginal  value.  Hence,  since  the  oscdUio* 
for  which  this  curve  was  drawn  had  a  periodic  tinie  of  about  3.3X  to  ' 
second,  the  osrillatiuns  in  the  oscillator  practically  coiiiplciely  die  out 
after  an  inicrv;)l  of  about  10*  second  after  they  commence  at  the  passage 
of  the  tpark  at  the  gap. 
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Since  in  ihU  form  of  oidllatar  inml  of  the  «ocrsy  »  radiated  in  Ibc 
form  of  waves,  tl>e  power  given  out  by  an  oscillator  while  it  i*  acting  is 
very  considctiible,  BiiioiiminK  as  it  does  in  the  <-aKe  of  »ii  oscillator  of 
the  dlmenaions  given  on  payc  S71  to  about  150  horse-po*cr  durinj;  the 
first  few  vibrations.  Tlic  irvtai  tjiinmily  of  cnerj^i"  radiated  is,  however, 
unall,  for  the  time  during  which  the  o^cHlalions  aic  occurrint;  is  small 
compared  to  the  interval  between  the  p.issu(;e  of  l!ie  ipurks  in  the  ipiirlc 
gap,  DO  tbm  for  by  far  the  i;rcaicr  proportion  of  lime  the  DiciUnior  is 
not  i)Ctini;>  If  we  rct^uire  to  produce  ascillationsi  which  ih>ll  lut  for 
a  conEidcrable  time,  it  i«  neceixat^- 10  adopt  some  arrangemeni  such  that 
while  the  ot'iK>nal  elccirical  energy  «iored  up  before  the  »parlt  passes  b 
great,  the  rale  at  which  this  energy  is  radiated  dutin^  the  occurrence  of 
the  ojtcilt:ition«  shall  be  small,  Thiii  can  be  accomplished  by  having  l«x> 
metal  pUtcs  placed  facinj;  each  otiier.  and  connected  by  a  metAl  wire 
in  which  a  spark  gap  ii  placed.  The  capacity  of  such  an  arrangiement 
can  he  made  large,  so  that  ihe  energy  stored  up  in  it  is  cnnsidernhle, 
and  much  (greater  than  with  Ilcrii's  oscillalor,  hut  owinu  io  ihc  in- 
creased cap.tcity,  the  periodic  lime,  and  hence  also  (he  wave-length, 
is  greater. 

583.  The  ResonAtor.— In  the  preceding  section  we  have  considered 
the  roeihodt  which  have  been  adopted  for  producing  r1criro>niagnetic 
wave«,  and  we  must  now  consider  some  of  the  meihofjs  which  have  liecn 
employed  for  the  drteriion  of  such  waves  in  the  sjiace  through  which 
ibeymAybc  passinj;.  Instruments  for  detecting  the  presence  of  electrical 
waves  are  called  resonators  or  receivers.  The 
fofm  of  fvsonalor  used  by  Herd  is  shown  in 
Hg.  556.  It  consisted  of  a  topper  circle,  the 
xontinuity  of  the  copper  being  broken  at  A  by 
■  «mall  spark  K-ip- 1'>*^  length  of  which  nmki 
he  altered  by  means  of  a  micrometri  screw. 
The  diameter  of  the  circle  was  so  chosen  that 
the  nalnral  period  of  the  osri  Hal  ions  in  it  was 
ihc  siime  as  ili«  period  nf  Ihc  oscillator. 

When  elecito-magiMiic  waves  strike  such  a 
resonator  ibey  « ill  induce  electrical  oscillations 
rn  the  copper  circle.  an<l  the  ampiiiude  of  the  oscillations  sci  up  can  be 
ineasured  by  the  length  of  the  sparks  which  can  be  obiainecl  at  ibe 
Vucrometcr  spntk  gap. 

Another  form  of  resonator  oonuMs  of  two  meul  cylinders  placed  end 
Io  end  with  a  spark  gap  between.  Since  the  length  of  the  spark*  ob- 
tained in  the  resonator  spark  gap  it  very  small,  there  is  cnniideraMr 
difficulty  ci-en  in  obsers-inf;  ihem,  so  that  to  measure  the  maximum  spark 
length,  in  order  In  define  il>c  aniplitode  of  ilie  oscilhtilons,  b  almiist  Im- 
ptMsiUe.  On  this  account  various  other  arrangententi  1 
for  meatirrtng  the  ani^ilude  of  the  oscitbiions  wt 


Fiii  sy^ 


S84 


Maf^teiista  and  FMdrinty 


tsss* 


Fie.  5S7. 


M<MI  oflliGsc  TncihmU  depend  on  tlie  measuremeat  or  Ibe  beat  dcvelnped 
in  :i  tliin  wii«  wlitdi  irpljicc*  the  spark  ^p.  One  such  amngcnnent  U 
sliovrn  ill  Ki^,  557.  Tli«  rvsonnior  coim&i'  of  two  mvial  cylindent,  AS,  d 
such  a  lengtli  thai  iltcy  *re  in  cicciiiial  uiii«>i>n  with  the  oscillntor.    The 

ends  of  ihrte  cylinders  are  <niioeetcd 
tOBcllier  Ijy  a  vcrj-  thin  wire,  lalf  beta|: 
ofitrnnand  ihcotherhnlfnr  nickel-  The 
portion  twb  U  of  imn,  and  tlie  portion 
c.ii/  of  ni.-ke!.  When  cteclricpl  oscilla- 
tion* arc  set  up  in  ihe  cylinders  n  cur- 
rent nill  pas*  bnckw-an)!!  and  frrwardi 
thiougli  the  vir«  aa-,  and  it  will  ihnt 
become  heated.  In  tliia  wnyihe  jinKiion 
al  fi  between  the  iron  and  nickel  w-ire^ 
wliich  is  sluiwn  cnlarifed  at  n,  will 
becnnie  healed,  anil  a  tltcnncM-kdric 
mrrml  will  he  piuduccd  in  a  cttmiit 
connccicd  to  the  ends  h  and  </,  and 
this  (Tiirrenl  may  he  measured  l>y  a 
galv.inomeier  (i  included  in  (lie  drcuii. 
684.  Statlonai?  Blectr^-ma^n^tio  Waves.— Since  a  conducinr  b 

mcapahtc  of  s'i[>pt)ilirt^'  m\  clectro-iulic  klniin,  when  a  t-'aradny  liihc 
Rieet»  a  conductor,  the  slr.iiti  u-hltli  existed  niiliin  the  dielectric  >i 
immediately  relieved,  a  conduction  current  bcinf;  profluced  within  the 
conductor.  Owing,  however,  10  eiectrical  inertia  the  dielectric  in  the 
ncij^hbourhooil  of  the  iroiiduciinjf  siuface  overshoots  its  e<|uill)>riiira  posi- 
tion and  so  hc'ionies  Ihc  seal  of  an  electro- static  strain  in  the  oppmite 
seme  to  that  in  itie  incident  tube,  [n  this  way  a  reflected  tube  nill  be 
produced  al  the  surface  of  a  conductor,  wliich  will  minfc  back  thrmich 
Ihe  ilicleetric.  The  sense  of  die  tube  will  be  re^-crscd  by  relation,  to 
that  here  we  have  a  caM  of  a  chau[;c  of  phaie  of  half  a  wavc-lcngtb 
by  reflection. 

I.CI  AU,  Fig.  5j8  (a),  be  an  oxcillaior,  and  Cl>  the  section  o(  a  meul 
plate  which  is  acting  as  a  reflector  of  the  waves  sent  out  by  the  oscillator. 
Except  in  the  immediate  neighbourhood  of  the  oscillatoi,  the  wjives  will 
be  plane  and  the  electrical  di^placcmeiii  in  the  air  will  be  parallel  tu  the 
lenKth  of  the  oirillaior.  L«  at,  ed,  and  tf  represent  the  poatlions  ol 
llie  points  where  the  electrical  diiplacenienl  is,  at  a  f[iven  initanl,  a 
niaximum,  nt  ab  and  tf  in  one  direction  and  at  cd  in  the  oppcisilc.  as 
ii)di(Slr(l  by  the  sijfn*  "*■  and  -  .  \\1ien  Ihe  lul>e  i;/"  strikes  the  rcflccliw 
en  a  leflecied  luhc  ^f  will  be  produced  in  which  the  dii  pi  .icemen  I  is  in 
Ihe  opTMtiite  direction  to  that  in  the  tncideiii  lube  rf.  Hence  if  we 
indicate  the  reflected  tuJ)e»  by  dolled  lines  we  shidl  have  near  the  plate 
n  fiiil  and  a  dotted  line  in  which  the  <!ispt.i cements  are  in  oppuiiie  direc- 
tions.    If  7*  is  the  periodic  time  of  the  oscillalions,  then  at  a  time  Tli 
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laicr  Our  maximum  diipUccments  «U1  Iiatc  iruvclled  (hroui;1i  a  dutatncc 
eqtial  lu  a  qiiarier  of  tli«  wave-lcDKth.  Hunve  the  pr«Mmt  coodiiion  of 
aSain  U  indicati-d  in  Fig-  s;8  (4),  where  ey  is  Ihc  poiitiau  of  the  r«* 
flc4:tc(l  nuuimam  nf  diiiplncenicnt  currvipunilinK  I<i  lh<;  Incidirnt  i>iic  ^ 
II  will  now  be  iccn  ihal  ai  Ihc  point  I,,  ihr  incident  and  idlcclod  dn- 
pInocinentK  air  in  ihc  same  diicclion,  and  will,  ibcrcfbrc,  produce  a 
greater  dispUccmeni  ilian  the  incident  «avc  would  alone  produce.  A 
qaarwrof  a  period  later  the  postilon  of  the  maxima  will  be  m  indicated  10 
Fig.  558(c).    Here  at  the  points  k  and  n,  ihc  direct  and  reflected  iii»ptaoe- 
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mcnts  are  in  oppo«iic  directions,  ai>d  hcnec  op]Wse  each  other,  m>  thai 
the  rcxoltani  dUplaccmcni  i*  less  lh«o  would  ottur  if  the  iiKideni  wave* 
acted  alone.  At  the  end  uf  the  bpxi  qoariei  pctwd  the  diiiilaccmcnts 
dde  to  the  incident  and  reflected  waves  will  be  in  the  Mine  ditetlion  at 
the  potntt  1-,  and  1^  as  nhown  in  Fiy.  5  58  (J),  white  a  quaner  of  a  period 
later  they  will  bo  opposed  at  the  points  N.  s„  and  n,  and  so  on.  It  mill 
thus  be  s«in  th.it  owinft  to  the  interference  of  the  direct  and  the  reflected 
«>vcs  a  letics  of  stationary  nodes  and  Inopt  »-iII  be  produced,  the  DodM 
occiimftf;  at  the  points  H,  N„  K^  and  the  Inopi  at  the  points  L|,  t,  for 
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at  llw  [luintD  K.  N„  N,  t)ic  incidcnl  and  retlcclcd  diGplnrmicnis  nic 
always  in  upposile  diH'Clions  «hil<:  al  ihc  poinU  I.,,  l,  tl>c^'  nrc  iklwAvs 
in  the  same  dirci^lioiL  If  th<'n  n  KMonaior,  wcli  as  that  shouii  in  Kij;. 
5S6,  is  tnoveil  along  bctuttn  iliv  uadlliiior  anil  ilie  r«llcL-tiiig  surCicci 
it  will  rcipund  at  tbc  puiiilt  1.,  :iii<l  !«  and  lti«  galvanuraetvi  will  ba 
ddlccied  (minK  10  the  heal  (l4.-vc!i>iM.'iI  by  tli«  oicilUliona  in  tlic  ihin 
cnnnccling  wire  At  the  poinli  K,  N|,  and  N*^  Ixnrevet,  it  will  not 
respond,  tincc  at  ilict«  points  the  diipUccntcnts  due  to  the  direct  and 
FcAcctcti  wjik-cs  aic  in  opposite  directions  and  the  g»]vsnon>ciCf  *iil 
be  undclleticd.  Hence  by  mnvint;  ihc  rcsooaior  along  and  noting  the 
puinii  «-licrc  the  galvanometer  dct)«ctioa  is  a  maximum,  tlic  poisiiionof 
the  loops  can  be  found,  and  by  noting  the  positions  wltcrc  ihv  dclleciioa 
is  a  itiininiuin  the  nodes  can  in  the  same  truy  be  found.  Fttnu  thcM 
piniuons  the  wave-)eiinl'i  of  the  elect to-maKneiic  wavmi  can  at  once  be 
deduced,  for  it  is  twice  the  ilistance  between  two  coinecuilve  IcxifKi  or 
nndd.  Knciwins  the  wave-leiiglh,  then,  if  the  periodic  time  of  the 
oscillator  iii  calculated  from  Lord  Kelvin's  formula,  wc  can  at  Ot)cc 
cnlculaie  the  velocity  with  which  the  cleciro-maifnciic  waves  travel  in 
air.  1'hif  '\%  «'hai  McrtK  wa»  the  5r»i  10  do,  and  the  vnluc  obtained  from 
hia  cxperimenls  is  the  same  as  the  velocity  of  light,  if  we  consider  [he 
errors  lo  uliich  audi  a  invasureinvnl  is  liable.  Thu^i  a  leMilt  which 
Maxwell  hnd  predicted  from  a  consideration  of  the  m^iiiiter  in  which  one 
elect rilicd  body  allerts  another  ihinuiih  an  intcnxning  layer  of  diclccttic, 
•nd  which  ai  the  time  was  entirely  at  variance  with  all  the  accepted 
ideas,  was,  after  his  death,  proved  by  Hem  to  be  true,  and  in  thti  way 
has  Maxwell's  theory  been  vindicated. 

It  may  be-  worth  while  to  iiiilai  on  what  is  actually  proved  by  the 
cxiMeneu  of  siaiicmarj'  waves.  Their  fonnaiioii  shows  in  the  first  place 
that  elcctriol  energy  can  be  propagated  thniugh  the  air,  a  result  which 
many  other  expcrimpnii  also  provt  Scconilly,  it  shows  that  this  cncrtjy 
t.ikcs  .in  appreciable  time  to  ii.tvel  from  the  one  boily  to  thr  o^hcr,  and 
that  dnring  the  time  between  the  energy  leaving  the  nw:iltalt>r  and  lift 
arrival  at  the  resonator  it  must  cKisi  in  the  intervening  air. 

686.  The  Coherer.  — A  very  iensitive  melhod  of  detecting  the 
prciciice  of  electro- magnetic  w;ncs  has  been  discovcreii  by  tttaulcy. 
He  found  that  a  glass  lube  filled  wiili  looicly  packed  metallic  tilings, 
when  included  in  the  circuit  of  an  electric  battery  and  a  galvanometer, 
was  practically  an  insulator,  so  that  the  current  could  not  pass,  and  the 
g.-tlvanumcter  was  hardly,  if  at  all,  deflected.  On  producing  electric 
oscillations  in  the  neighbourhood  of  the  circuit,  hon-evcr,  the  tuhc  con- 
taining the  filings  becomes  a  conductor  and  ihc  buttery  is  able  10  drive 
a  current  ihrou>;h  the  circuit,  so  that  the  galvanometer  is  strongly  de- 
Hecied.  This  tube  of  filings  fonns  so  delicate  a  deiecter  of  electrical 
oscillaiions  that,  a%  will  be  desrrilicd  later,  even  when  the  OKillaior  u 
at  a  distance  often  inltcs  it  will  respond 
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When  tliic  Branley  lulic  of  filing*,  or  the  coheicr  as  it  Iim  be«n 
enllnd,  i«  arinplnyril  to  tnitkc  mcMurcmcnig,  the  chief  dilliculiy  is  to 
aimni^e  tlic  circuit  xa  that  »lrA/  cleclrical  oscillaiioiis  rcAevted  from  tlie 
nitlls  or l)ic  ruuiii  ;ind  tin-  person  of  tlie  observer  do  not  mask  the  elTeLln 
to  b«  obsFni-'d.  For  this  rensun  It  n  found  nc(!«Mary  Dot  only  lo  cnclote 
tlw  budery,  giilvanoinciM,  and  ihe  connecltnif  «*ircs  »ithin  a  meullic 
box  so  as  10  cut  off  ibc  cleclrical  wuves  from  these  part*  of  the  cir<:uit, 
but  it  is  ncce«sn[>-  to  pack  very  carefully  nil  the  joints  in  ihr  box  with 
tinfoil,  or  (he  wai'cs  will  creep  in  in  siifiirient  quantity  to  upset  llic 
indications  The  only  p^rt  of  the  cixuil  which  is  left  outside  the  mciallic 
box  is  the  tube  coniainint,'  the  filings,  so  th.11  it  ia  only  uhun  the  waves 
(all  on  thb  tube  that  the  circuit  becomes  tonduciiiiK  and  the  jialvancH 
meter  i*  deflected.  The  prcciie  way  in  which  the  electrical  waves  act 
10  cause  the  Blinifs  to  become  conducttntt  is  not  known,  n!ihou|[h  it  has 
been  supposed  thai  minute  sparks  are  formed  by  the  electrical  waves 
between  tbeadjacrcni  filings,  and  these  break  down  ihc  film  of  condensed 
gn  which  always  fonns  on  the  sutf;ire  of  a  solid.  In  order  to  convert 
(lie  lube  of  tilings  from  the  k:ondi.ii:iing  10  ilic  non-condiictinf;  condition  it 
»  only  ncceisary  to  ^ivc  the  tube  a  very  »li);ht  mechanical  shock,  such 
at  gently  lapping;  with  the  linger. 

586.  Reflection,  Refraction,  and  Polarisation  of  Electro-mag- 
netic Waves. — The  properties  of  clfdiital  wdici  l-uti  be  vciy  rle.-irly 
shown  by  means  of  the  .ipp^r.-ilus  shown  in  Fig.  %%%  The  oscillator, 
which  is  on  Ki^hi's  princij>l<-,  is  plarcd 
along  (he  focal  line  of  a  parabolic 
mtiior,  c,  in.ide  of  zinc.  'I'his  mir- 
ror reflects  the  electrical  waves  in  the 
same  manner  as  does  the  reflector 
behind  a  seaicbliKht,  so  that,  instead 
of  spreading  out  in  all  directions,  the 
W3ITCS  sre  sent  in  a  p.iialiel  beam. 
Tbe  oiM«td«  knob*  of  the  oscilUior 
are  coanecied  10  tlio  terminals  of  an 
induclioo  coil  or  a  Hoitt  cicctiical 
machine.  The  receiver,  which  con- 
sins  of  a  coherer,  is  iilso  placed  alon^ 
the  local  line  of  a  parabolic  inirrar,  t), 
the  terminals  being  connected  with  a 
circuit  which  includes  a  cell,  E,  and  a 
galranomeier  or  electric  bell,  c,  which 
wtU  serve  to  indicate  when  tbe  coherer 
becotitcs  conducting.    The  whole  of 

this  circuit  u  enclosed  in  a  metallic  box  to  screen  off  siny  waves.  The 
nunor  Y>  serves  to  cxincentiaic  tbe  incident  waves  on  tbe  receiver  X,  and 
in  iliii  way  increases  the  sensitiveness  of  tbe  npfMraiiis. 


•A 


Fio,  s». 


Ma^mtisw  and  Elettriiily 


[55** 


=p:    ^^ 


F 


The  oI>1k|iii!  reflection  of  electrical  waves  (roin  a  mcuanbc  fin&tK 
can  be  «bnwn  by  armn^init  the  osalUlor  »ml  rwxivrr  *s  tikmn  it 
^■K-  5^  *^^  ■!  *'■!'  ^  foutul  that  the  receiver  is  only  aRcctcd  wbeii  i^ 
mcMl  plate,  F,  U  placed  to  that  the  angles  of  tncktcanc  and  nHfoain 
arc  cqtinl. 

The  wavcf  produced  by  ihc  Micillalor  arc  plane  jralaritcd,  hxt  ibe  do- 
I  placenKni  is  al«a)r!>  parallel  to  the  axb  of  tl»c  uMnllaior.  On  the  other 
fhand  iIk  rrcciicr,  wiili  \\%  pambnlic  leflector,  only  mpaodi  to  wave*  ei 
¥rhkh  lliediAplacemetit  isparjilel  loit>»zn.  TImm 
ibe  oudllator  u  a  puliiri^^r  ai  veil  a>  a  Mxacc  ut 
the  wavei,  while  the  ieceiv«r  \\  an  analyser.  11^ 
instead  d  luing  a  plane  iheet  of  mrul  a*  re- 
flector, a  j(iTtlinj;  it  utcd  made  of  a  nunibet  of 
■vires  St  rctcbe<]  parallel  looac  another  on  a  ftam; 
«r  of  a  number  of  parallel  siri|H  of  tinfoil  paoed 
on  a  wooden  board,  reflection  will  take  plxe 
when  the  wires  or  siiip*  aro  poralld  to  tk* 
axis  of  the  oMiltaior,  while  in  thi«  caie  nnnr 
of  the  waves  will  be  trannniiied.  In  bet  the  arnmgtuneni  aru  jni 
as  if  it  were  a  coniinuoui  xhcci  of  metal.  If,  however,  tbe  i»trt»  a« 
placed  tu  right  nnulcs  lo  the  axis  of  the  ofcilblor,  there  wilt  be  do  tc- 
ciion,  while  the  waves  will  be  iran&mitted  Jviti  as  tf  ilie  irltcs  wet*  ■ 
ciric.  TIk  re«Mn  for  this  diRcreiK«  b  at  once  apparent  if  >« 
remember  in  what  way  the  reflected  waves  are  produced.  They  are  dai 
tu  the  tiuluced  cliarge  o:i  the  Mrl^ee  of  tbe  metal  caused  by  the  ioddcM 
^fraves.  Now  when  tbe  wires  are  pamllel  to  tbe  direciioa  of  the  eJeonol 
jisplacement  in  the  incident  waves,  the  induced  cbatxct  uin  he  pradood 
jiut  as  in  a  continuMis  thcct  nf  metal,  and  tbochan;e4  wbirh  are  itidaotd 
on  tito  wire^.  so  lon^'  a&  ibcse  arc  fairly  close  logelhor,  are  MflSctcnl  in 
completely  screen  tbe  portion  of  space  bcbiiid  tlic  wim.  ^SlMin,  buvevti, 
,thc  wircii  are  at  n^'ht  angles  lo  the  dlieciioii  of  the  dispbu.'cment  to  ifec 
ncident  wavei  there  (annot  be  a  corrcipandin);  tharjie  induced  un  IW 
r»»irea,  for  each  wire  being  inwlatcd  from  the  adjuceoi  wiiea,  no  nwre- 
[nent  of  cleciiicity  can  lake  place  fnim  one  vire  to  the  next,  sa  that  tbe 
only  poisibte  induced  char^'e  which  can  be  produced  is  one  cm  the  opfx^ 
liite  sides  of  each  urire.  ai>d  the  pasiiive  indttced  cb.-iige  on  the  ooe  ^dt 
of  any  wire  will  be  practically  neutralised  by  tbe  negative  charge  wbid 
trill  be  lirauliancntuly  induced  on  the  »dc  of  the  adjacent  wii^  A 
frameu'OTk  of  nonduciinK  aircK  will  thus  aa  In  cxanly  the  same  tnanot* 
at  doe*  a  plate  of  loutmilinc  in  optics,  rcflenintf  uhtc*  tn  whfaj)  ibt 
displacentcul  is  parallel  in  titr  Icnjjth  nf  the  wircij,  tnlt  tmnsmiliTng  all 
waves  in  which  the  ilitplacemcni  is  perpendicular  lu  the  lcnt:th  of  tbe 
wires,  Tlie  polartsing  cfleci  of  such  a  wire  frame  can  be  very  clearly 
^own  by  pladng  the  (Mdllator  and  receiver  u-iih  their  axes  rro&wd  a* 
sbown  in  Fis-  jfii.     lo  this  potilion  the  teceiver  «iD  aol  be  affected  by 
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tlie  CMcilbuor.  Neiibi-r  will  ihe  remivtr  be  iiiniicnci.fl  if  lite  wire  fnuiie 
t«  intrmliK-ed  bciwc«n  it  nnd  llic  otrtlliilur,  if  the  Irni-tb  of  ihe  wire*  is 
parallel  to  the  axis  of  cilhcr  the  oscilhitQr  or  tlie  rcteivft  ;  the  irjtion 
beiiiK  that  »hcn  the  wirM  arc  piu-nllcl  lo  the  axis  of  the  (>!ici[l»ior  they 
will  not  allow  any  of  the  wnvei  10  pau,  and  whi-n  the  wim  are  ]>afall«l 
to  the  axis  of  ibc  te- 
cciver,    alihuugh    the  C 

wat-ea  will  now  be 
imumilted,  j'ct  since 
llie  dtrection  of  <lis- 
ptaceinent  in  these 
varcs  is  at  right  angles 
to  Ihe  axis  of  ihc  re- 
ceiver, ibcy  will  not 
cui»eiltarcs]>oni).    If, 

however,  the  wires  aie  armnijcil  »o  that  they  arc  inclined  at  45*  tn  the 
axis  of  boib  the  oscilbior  and  the  receiver,  this  Inner  will  respond.  The 
Mason  for  this  t»iliai  when  the  waves  tthke  the  wire  frame,  which  is  at  4j' 
to  the  drreciion  of  ilisplacemeni,  they  arc  ic^olved  into  two  components 
in  which  the  displacemetiis  are  at  right  anylci  lo  one  luiothcr.  Tlie 
conipnnenl  in  which  the  dispUccmeni  is  parallel  to  the  wires  is  reflected, 
while  that  in  which  the  displacement  is  at  riKhi  angles  in  the  IcnKth  of 
the  wim  i^  tra.n!iniltted.  These  transmitted  waves  falling  on  the 
iwciver,  are  again  rciolved  inlo  two  components  in  one  of  which  the  di»- 
plaeement  is  perpendicular  to  Ihe  axis  of  the  receiver,  and  in  tlie  other 
llie  displacement  is  parallel  lo  the  axis  of  the  receiver,  and  Ibis  latter 
will  aRect  the  receiver.  The  ei:perimcnt  (-ortcsponds  to  the  optical  ex- 
periment of  introducing;  a  doubly  tefracting  plate  between  crossed  Nicnii. 
When  the  principal  section  of  the  crystal  \%  parallel  to  the  principal  plane 
of  the  analyser  or  the  polariser,  no  li^jlit  is  transmitted  ihruiigh  ih« 
WpMxa.  If,  howei-cr,  the  principal  section  of  the  crystal  is  inclined  at 
45'  to  the  principal  planes  of  the 
Nicxib,  then  titiht  is  iransmiilcd 
ibrougb  the  ani^yser. 

The  refraction  of  cleclro- 
nugoctk  waves  can  he  shown  b)- 
■ocaDS  of  a  prism  uf  paraffin  or 
pitch-  The  prism  is  arranged  as 
Bhown  in  Ki^'.  561,  wiih  nicial 
icreeiu,  E  and  F,  arran|{ed  10  as 
lo  cut  oJT  any  waves  which  do 
not  pus  ihrnuich  th«  prism.  By 
iDcasurinK  the  angle  of  deviation 

Ihrotigh  which  the  waves  have  been  lurneil  and  the  refracting  ansie  of 
Ihe  prism,  we  can  calcubic,  jutt  as  in  the  corretpoDding  optical  expcri- 
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"*M>  (S  346),  the  lefraciive  uuIck  of  ibc  mateml  of  the  pnsm  for  ibcsc 
wares. 

Experanentins  in  ibii  way,  the  values  for  ihc  rcfnictive  index  o( 
ionic  bodies  iat  ctccim- magnetic  ware*  ifiven  in  the  bdlowing 
have  been  obtained  ; 
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5S7.  Beflectlon  of  Qeotro- magnetic  Waves  at  the  Surface  of 
a  DlftleoCrtC— Wc  have  liithcrto  oniy  miisidoirrf  ilic  tctleciion  of  elec- 
trical wavvs  at  ihc  Mibco  of  a  oondui:ior.  When  electrical  wuve?  pou 
frain  one  dictearic  iti  another,  aliliougli  part  of  ttie  waves  oill  be 
trariKmiited,  )-ct  a  portion  Hill  be  rejected.  A  limilar  phenomenon  a 
exhibited  when  light  pnMcs  from  one  imnKpareni  metlium  to  another, 
and  it  will  be  well  to  n.'call  briefly  what  pcciiliaritie*  accompany  Mich 
leflcciioa  In  $  407  we  siaw  that  when  ibc  iiicidcni  beam  was  inddetit 
at  a  ceituin  angle  the  icflected  beam  wa»  pliuie  pubrived.  Further,  that 
if  the  incident  l>i,'l<i  vra>  plane  polarised  in  ilie  phine  of  inciilcncc,  then 
for  a  ceitiiin  anjjie  of  incidence  tht  wiiole  of  ihc  Ityhl  was  reflected,  while 
if  the  incident  beam  wai  potatiied  in  a  plane  at  right  anjjks  to  the 
plane  of  incidence,  none  nf  the  li^bl  wiis  reflected.  It  hjs  aUo  been 
metitionrd  (hat  there  are  two  lival  theories  as  lo  nlieihcr  tlic  vibrattoas 
of  the  ether  which  coiiiiituic  li(;ht  lake  place  in  or  perpendicutai  to  the 
plane  of  polari^xlion. 

In  tlie  ctecirical  case,  if  the  axis  of  the  osciilalor,  as  shown 
Fig.  563  iji\  is  at  right  angles  10  the  platte  of  incidence,  and  if  the  aajtl 
of  incidence,  CON,  at  the  sur^tce  of  a  plate  of  sulphur,  Er,  it  about  to^ 
there  wiU  be  a  reflected  beam,  and  the  receiver  placed  at  D,  so  that  the 
aiaglc  DON  it  equal  to  the  angle  CON,  will  be  aflccti-d.  In  this  case  ibe 
electrical  displaccmeni  is  perpendicular  to  the  plane  of  incidence.  If, 
howei-cr,  the  oscillaior  is  arran^^d  as  in  Fig.  56J  (^X  with  its  axit  in  ihe 
plane  of  Incidence,  there  will  be  no  letlccied  beam,  and  the  teeeiver  will 
have  10  be  placed  at  d'  to  be  affccied.  Hence  when  the  electrical  dis- 
placetnent  in  the  incident  wave*  is  at  right  angles  to  the  plane  of  inci> 
dence  there  ii  reflection,  but  when  the  diiplacement  ii  in  the  plane  ot 
incidence  there  is  no  reflected  bcani.     Now  iii  the  case  of  light  there 
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tx  no  FcAecteil  beam  when  ilie  liicht  is  polnriied  at  richt  nnglM  tn  ihc 
plane  of  iiK-iOi-iKC,  ihat  is,  when,  ^icrucding  lu  t'mticl'k  view,  ihc  djx> 
placement  ii  iii  the  plane*  oi  incidence:.  .Since,  ilicrt,  on  lh<-  cleciro' 
magneiic  tlieucy.  lislit  waves  and  elect ro-magneiic  waves  »re  ihc  tame, 
and  only  differ  in  a-avc  -  Icnglh,  it  follows  ihal,  in  the  !:a»c  slio-.vn  in 
Fig,  563  {*),  ilic  ciccinciil  wavc^  arc  polarised  in  the  plane  of  inci- 
dence, while  in  Fir.  ;(.3  (-1)  the  wuves  ait-  poliiiiscd  perpendicular  to 
ihc  plane  of  incidence.  Thus  the  electricul  di<>plarement  takes  pbcc 
pefpcndicular  to  the  plane  of  polurisation,  and  thux  corresponds  to  Ibc 
ditplaceinent  cooaidered  by  Freinel.  Since,  as  we  have  seen,  the  elec- 
trical displucemciil  n  always  accompanied  by  iTiaRnetic  forces  which 
occur  at  tit,'hl  a[i);les  to  tliu  Uircclion  of  ihc  electrical  displnccmcnl,  it 
follows  that  The  magnetic  force  ii  in  the  plane  of  po)nris.ilion.  The 
electro  •magnetic  theory  therefore  thon^   that  both   FtvsncI  and   Mac- 
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CuIlaKh  were  rij^ht  lU  iu  as  they  went,  but  that  neither  n-ere  complete, 
in  ihat  in  atklition  to  (he  displacements  they  considered  there  is  alwnyri 
MMnelhin^  taking  place  in  a  pcr|iendiciil.ir  direction,  Ixnh  ditptacemcni* 
bowevM  l>ciiig  in  the  wai-c-fionl,  thai  \%,  at  right  angles  to  (lie  direction 
h)  which  the  wat<e  ii  tiavcllint;.  The  experiments  on  the  rcdectioo  ol 
e^t CO- magneiic  uat'es  at  llie  stirffice  of  the  sulphur  luither  show  thai 
the  dtsplacemenl  uhich  FTetincl  considered  is  the  electrical  displace- 
ment, ftiMl  that  considered  hy  MacCuilagh  is  the  Tnaj^ciic. 

fiSS.  Electro -magnetic  Waves  ulonp  Wires,— In  addition  to  the 
deciro-inagncti<:  wavei  which  Jti:  propagated  in  free  air  or  other  dielec- 
tric, waves  can  be  produced  in  such  a  way  that  their  direction  of  pto- 
pRgation  is  alon^  conducting  wirci  The  u«ual  arrangetnent  employed 
fat  producing  these  waves  is  ihown  in  Fig.  ;64.  Tlie  primary  oMnllalot 
COWiMS  of  two  metal  plates,  A  and  it,  which  are  connected  by  wires  itv 
cbAntt  a  spark  gap.  n,  and  arc  also  conitected  wiih  the  tcnninolt  <A  an 
iDduciMNi  coil,  C:    Th-o  other  metal  plate-    <    < '  M     .  >  placed  oppoMtc 
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the  pUiM  of  ihc  oscilhiirtf.  Tlwie  plat«  *ro  cuiuwct«d  with  two  wat*, 
Di'H  anil  KOK,  which  arc  siivtcbed  oa  tOMilaiint;  aappon*  (u  a  dnianre 
from  one  anuihcr  of  about  7  cm.  Wbra  elcctriral  oscilliktioiis  at«  [iru- 
duceif  in  AB,  mrinK  in  tncluctinn,  oicillalions  u-ill  al-M  be  piutluccd  m  Uw 
pinlps  D  anil  F,  Tho*  wairs  irf  the  tame  pctiod  as  ihow  in  the  iwunaiy 
iMdllntor  will  be  ptopogaK^  alnnir  ilic  two  wina,  o*  rather  in  tlie  dirfcc- 
tric  bctwrvR  the  wires.     Siivc*  wlMtoevcr  A  i»  pOMlively  clcc»ir>cd  a  rfl 
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be  nc^tivd/  cIcctiiAcd,  aiul  the  sign  of  ibc  dectnficftiiant  on  i>  and  K 
is  always  the  oppoiiic  to  that  o»  the  conrcfipoatting  pinic  of  the  omiI- 
btor,  the  pbu^te  of  the  i-ttiratium  sent  along  the  two  wirta  will  be 
uppoMic,  iliiK  is,  whcnoer  a  given  point  on  the  one  w-ire  ia  at  it« 
inaximum  potitive  potential,  the  corrcapondini;  point  on  ibc  other  wire 
will  be  al  iis  maximum  negative  potential.  If  ihc  end*  of  the  wires  are 
Itcc  the  wavL-s  nill  be  reflected,  and  if  the  Icngthi  of  the  wires  are 
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adjusted  suiubly,  suttioRaty  wnvc«  will  be  set  up  awing  tu  ihe  inter- 
EereiK-'C  oJ"  ilie  direct  w^vcs  with  iliosc  nfleact!  Urttn  the  ends.  Siace 
it  would  be  iiKuni-cnicni  m  ndju&i  ihc  Iciigih  «f  the  wire  10  secure  the 
fomiAlion  of  siAlioiiary  wft\cs,  i[  is  jisual,  instead  of  having  Ihc  wires' 
insulated  from  one  another  at  i1ie  cn<ls,  to  join  them  by  a  tncialtic 
bridge,  UK,  the  position  of  which,  and  licnccihe  length  of  the  wires,  can 
be  alicrcd. 

It  ts  inWniflivo  to  ronsiiler  how  this  arriingeincnl  works  from  th« 
poinl  of  view  of  Faraday  tubes  ot  fon«.  When  ihe  plates  A  and  is  arc 
cUaTged  by  the  coll  before  ihr  pns&-i^  of  .1  spark,  the  Faraday  tub»  will 
stielcli  sonnewhat  a«  indicated  in  !■  ig.  56*  \a).  When  the  s|iark  passes, 
due  to  itie  nuiidier  of  tubes  stretching  from  one  knob  of  ihc  sp-irk  gap  to 
the  other  being  so  ^reat  that  ihc  cleciri(-a1  stress,  of  which  the  tubes  ate 
linipty  ihe  ^niphio  repicsent.il ion,  ovcrronics  the  dielectric  Rlrcnjjih  of 
tfae  air,  ilie  lubes  which  stretch  acmss  in  the  pnlh  of  Ihc  spark,  since 
alons  this  patli  the  air  becomes  a  conductor,  will  lie  able  10  shrink  10 
nothing.  Tbe  disiippearance  ot  these  tubes  will  allow  some  of  the  tubes 
which  were  ctowded  out  into  the  intervening  space,  owin^  lo  the  trans- 
\Tne  repulsion  between  the  inlics,  to  move  tuwanli  the  fjap  as  shown  Mt 
(*).  The  two  mliei  marked  I  and  2  will,  since  they  arc  tutned  in  op|XKciIe 
senses,  attract  one  another,  and  they  will  tiist  fuse  toKCther  and  then 
Kpitnte  into  two  tubes  3  and  4,  as  shon  n  at  ,• ),  Tube  4  will  lush  into 
Ibe  conductini;  npark  gap  to  k<:cp  up  the  diicharge,  while  tube  3  will 
nkove  thTOUtfh  the  dielectric  separating  the  wires,  with  iw  posiiire  end  on 
Uie  wire  FJiK,  and  ili  iict{atii-e  end  on  the  wir«  1>FH.  As  ihcw  luhcs 
move  away,  aoolher  pair  of  lubes  will  move  out  froni  the  space  betweeo 
the  plates,  and  will  %a  ilirough  the  same  operation.  The  process  wilt 
iM>t,  however,  stop  when  the  plates  have  lost  all  iheit  tubes,  that  is,  when 
all  the  Faraday  tubes  have  moved  out  from  bei««eD  the  platei,  but.  i>wing 
to  inertia,  a  dielectric  displacement  witi  be  produced  in  the  oppnnte 
diicclion,  that  is,  tubes  will  appear  whidi  stretch  in  tlie  oppntite  seai«  to 
■be  original  lubes.  The  cmnxlini;  in  of  these  tubes  between  the  pinlei 
may  be  regarded  as  simply  ihc  passing  out  fmin  lictwcen  the  plates  of 
DK  tube«  in  the  original  wnsc  titan  there  u«re  ofiginally  there.  Tlien 
TlheMt  lubes  will  f,o  throuKh  the  same  series  of  opeialions  ai  the  others 
did,  and  tubes  will  be- propagated  along  the  wires  which  hate  their  posi- 
live  ends  on  the  niro  IH'H,  and  their  negative  emU  on  TXi%.  Thus  there 
will  be  u  number  of  sets  of  tubes,  such  as  arc  shown  nl  fi/),  travelling 
[■lon^-  tlx:  wires.  When  a  lube  reaches  the  hridj;e  I(K.  owing  to  inertia 
lit  will  nut  simply  shrink  tn  nothing,  biii  will  stretch  out  again  and  travel 
back  ;  I>ut  if,  when  it  appnucbed  tlie  bridge,  its  positive  end  was  on  (he 
•ire  rif,  when  travelling  back  its  negative  end  will  l>e  on  this  wire.  We 
shall  ilnis  hat-e  a  train  of  reflected  tubes,  and  these,  togttlter  with  the 
direct  tubes  which  are  travelling  towards  the  bridge,  wiU  produce  a  system 
of  nodes  and  loops,  for  at  cenain  points  on  the  win*  ilie  lubes  wfaich 
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reach  (here  on  their  way  to  the  bridge  will  always  be  of  the  ojipusiie  Mfa 
to  those  which  reach  this  point  after  reflcfiion,  niul  Ikence  the  two  set*  ol 
lubes  will  neutralise  each  other.  At  other  pnini*  the  wo  scis  ol  tnbn 
will  nlirray«  be  in  the  siitiic  Mnae,  and  will  iheiefoTr  produce  a  toop^  The 
eitperimeiil  is  uxarlly  anitloyuu*  tu  Kuiiitl's  ntL-thod  of  determining  the 
!  veiocily  uf  snunil  in  giuert,  ns  described  in  §  314 :  iliu  ovciDiitor  here 
corresponding  ti>  the  vibtniiriK  rod  which  in  tlie  acuimic»J  CKperinwiii 
produces  the  vilirsiioos  of  ihe  gas  in  the  lube.  Tlie  bridye  here  corre- 
sponili  to  the  dosed  end  of  the  tube,  for  in  both  case*  ihey  correspond  to 
&  node,  that  is,  in  the  one  rase  to  a  point  where  the  niuvemeni  of  il>c  air  is 
a  minimnm,  and  in  the  oihei  to  a  poiitt  where  the  electrical  displacemem 
i«  a  minimum.  The  eleciricii)  displacement  at  the  hridj^e  is  a  minimiini, 
for  there  the  potential  of  the  ino  wires  is  always  the  Mnie,  to  that 
there  cannot  be  any  elecito-siatic  forces  and  hence  no  <li^>IacemenL 
Also,  just  as  in  Kundi's  eiperiincnt,  the  stationary  waves  set  up  in  the 
ttibc  are  vcij'  niuth  more  intense  if  the  Icnuth  is  adjusted  m>  that  it  is  a 
muliiplc  of  tlie  liiilf  wave-length  of  the  note  given  by  the  rod  in  tlie  gav 
10  in  the  elcclrical  rme  the  Hinplitiitlo  of  the  stiilioiiMry  wiives  set  np  ia 
the  wires  is  much  increjiscd  if  the  position  of  the  bridge  is  nitemi  till  the 
length  of  e.ich  wire  i«  some  multiple  of  ihc  h.tif  u-ave-leoi;tli  of  the  eler- 
irical  waves  in  the  wires  prodliced  by  the  oscilhitor. 

Tlie  position  of  the  loo|»  on  the  wires  ciiii  be  determined  by  plnctD};  a 
GeissltT  lube,  I.{§  jSOiftcmss  the  wires  as  a  bridge.  If  the  tube  is  moved 
along  it  will  glow  brightly  ai  the  loops,  bui  will  be  dark  at  the  nodetL  In 
this  w.-iy  the  wnvolcngth  of  the  osrillaiions  in  the.  wires  can  be  mcaiRiTed. 
Thco,  if  I  he  periodic  lime  of  the  primary  nsci Ihtti on s  i«  known,  the  velocity 
with  which  the  osci11ailon«  travel,  when  conducted  in  this  way  along  wires 
can  be  calculated.  By  this  method,  as  well  as  by  a  direct  comparison 
between  llio  velocity  in  free  air  with  that  along  a  wire,  it  has  been  ptu%-ed 
that  the  veiocily  is  Ilic  s.iTue  when  the  waves  arc  propagated  in  a  free 
dielectric  as  when  Ihey  .ii-c  conducted  along  a  wite.  Also,  it  is  found 
tlut  the  velocity,  while  it  is  independent  of  the  maleriiil  of  the  wire*, 
depends  on  the  specific  inductive  capacity  of  the  dielectric  which  KUr< 
rounds  the  wires.  This  result  is  a  conclosivc  proof  that  the  civergy 
travels,  not  alonif  the  wires,  but  through  the  dielectric  which  surrounds 
llicm,  as  is  iiidn  .iti-d  by  MiixwelT's  Iheor)'. 

589.  Telegi^phy  without  Connectlnjf  Wires.— Within  the  bst 
year  or  two  much  utttnlion  hits  been  di^voied  to  (he  einployineiii  of  elec> 
tro-magnctic  waves  as  a  meiins  of  transmitting  signals  from  one  place  to 
another  without  the  necessity  for  a  metallic  wire  connecting  the  two. 
There  are  a  number  of  arranjiements  which  have  been  tried,  anil  the  whole 
subject  is  still  (i&ki)  in  n  very  experimrni.il  stage.  Some  of  the  Hiosl 
successful  attempts  have  been  made  by  Marconi,  who  has  transntitte<l 
signals  from  Alum  [lay  to  Uouniemouili,  a  distance  of  eighteen  milet. 
A*  tnuMHUKcr  iie  u»e»  an  oscillxior  of  Uiglu's  form,  giving  waves  of 
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about  120  cm.  wave-length.  As  a  receiver  he  uses  a  coherer,  which  is 
placed  in  series  with  a  relay ;  this  relay  working  a  sounder  on  which 
the  Morse  signals  are  received.  In  order  to  make  the  coherer  lose  its 
cotiductivity  when  the  waves  stop,  an  electro-magnet  works  a  small 
hammer  which  is  continually  tapping  the  lube.  In  the  case  of  trans, 
missioa  over  distances  greater  than  a  mile  or  two,  a  collector,  consisting 
of  a  vertical  wire  attached  to  a  pole,  is  used  to  conduct  the  waves  to 
the  coherer. 
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QUESTIONS    AND   EXAMPLES 


^ftti/ms  vUih  hm/t  httn  ut  at  tht  Examimtl/oHS  of  Ik*  Univtrsily  of 
Limdott  or*  iiK/icaUJ  fy  the  leiUrs  S.Sc,  Int.  Sd.,  or  friliw.  Set. 
retpeetivtly ;  teUh  ^tusHtms  srl  at  the  adfaiiced  ilagt  cfiht  Exami- 
luttUHt  htid  iy  Uu  Scienu  and  Art  D*partm.-Hl  are  iuMmUd  ijf 
S.  fr*  A.  D.  iA^- 

BOOK   I 

CHAITERS  11  AKD  III 

(Union  clhctwiM  meniioned  g  m»y  bo  l«k<n  n  9S0  cm.,'»(«c.»  or  3)  ft./*'*-*) 

1.  fflnt  n  iKBUit  by  lti«  circular  moturc  uf  an  aii|;le  ?  C*lcuhle  the  luluc  uf  the 
■acts  cXaxi  tqnilatcral  trutn^lu  iii  ciiculxt  moMire.  Am.  1.047a.* 

2,  OiltaUue  ibe  tbIucs  of  lin  30',  fos  60',  ton  45*.  Draw  a  curve  liicniine  the 
ch*n|[c*  ia  ibe  values  uf  un  8,  an  9,  >nit  tin  d.a^t  incrcosct  fimn  o*  to  90'. 

^Bfc  sill  jo'  =  .Si  cwi6o'  =  .j!  tan  45'^  I. 
8,  Ctrta  ihtf  llio  aquire  m  (he  hypolcniise  ai  ■  r;t;lil-»n|;lc(I  (liaiigle  ia  ct|ual  lo  the 
aum  olT lite  Njoarea  on  the  olhct  miIm,  pioic  ttv.ti 

t  The  angle  nililended  by  ihediamrtct  of  itic  moon  at  ihc  surface  of  (he  tnith  being 
31'  37*.6,  whole  the  dulanoeur  Uie  lucKin  b  >34,£oo  milra,  calntlalc  the  diametcf 

\«f  the  BMioa.  ^n/.  Jl'  37*.6  =  .o09I99  mllHiui.     ItUmcier  =  xttio  mUca. 

8/^1  b  t*>)uind  In  plan  ■  k»Ic  m>  dial  mch  mtllinivlrc  thatl  luhTcnd  ui  anifle  of  r 
tnEmite  of  are  B(  a  cmain  apot.  At  what  diiUuifc  niutl  the  usle  be  placed^ 
|l'  =  «uoi73g  rudiuu).  Ant.  34^8  eui. 

6.  A  cirde  u  divided  into  ihiida  of  a  ittgTte>  how  muat  a  vcmlcr  lie  iliviiScil  >i>  that 
il  ihall  readioBJnoaas?        Am.  30<11*Wont  orvemlor— (9dhryont  ofdrde. 


CHAPTERS  IV,  V,  awd  VI 

\.  Wbai  ere  Iho  iHmeiMMu  \Ji  «pM4?      KipeM  a  ipeed  of  60  mUei  an  boat  in 
Meira  pa  tcoond,  and  m  liiliiniMte*  prr  hnui, 

Aai.  36.S1  oa^ec  t  V&S6  kilonMiea/haw. 

*  1b  bom  CBna  the  lui  ilpiMeani  Kgtne  iMn  In  the  aniieit  la  oUy  ecnea  to 
■ofaln  oaw  or  two  laaiia  in  Ihit  [ilacr. 
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iDMisooMinl  o^ayacbt  nee  a  or*ti|M|]rr  nii),  "Th*  nt«or  tfi«cd  of  tbcbaMi 
«u  lokinU  an  hotu."  Ciiticuo  Ihbi  *t«i«iicnl.  poinlliii:  cM  what  the  mMMa 
■ould  be  if  Ibe  Matononi  wcic  Intcfprcicd  liicnlljr.  and  rattW  b  icicnliEc 
bngoge  what  the  nponer  probafalr  inlcadcd  to  m.j. 

A  pariidc  auit  Itnra  rol  aw)  im'elt  lor  j  tccondt  with  ■  iinitinn  accrlcnuioa  o( 
ScdLi'i^c.*,  Il  Ihen foMliniMa moving a<  tbc anlfncM  tpaol  aajuini)  for  IO)eocad% 
ami  isfitully  broui-ht  la  lotwith  ■  wniibnn  accekntion  <qiMl  to  -  o.  j  cnw^tc*. 
Calctilitc  the  (Dial  «iuce  jwctr^  uvn,  xiid  ihe  tmal  time  taken.  Draw  *  curre  lo 
rcprocnt  Iho  motion  ot  the  |BJticle.  am)  tliow  how  the  *focc  pmed  over  can  be 
ofat>iin«()  honi  iltlt  cuit«.  ^iu  31  inttrM ;  9J  sec 

A  partide  moves  from  rot  with  a  nnifarm  Mxvlention  of  i  oik/xc*  in  ■ 
diraction  fanalkl  to  «nn  *itle  of  an  o()«llaltta]  irhnEJe,  aod  with  a  >nil«nn  ipecd 
of  5  cm.fiKe.  panllcl  to  ui  adjaMnt  aide.  Dra«  a  cuive  dtowinji  ilir  actual  path 
ol  the  panicle  fbi  the  finl  five  nmntl*  uf  its  motion. 

A  paitide  morts  reunil  a  (qpilar  hexit|;oii  at  unlfann  tpnd.  Draw  tl>e  hodccraph 
of  li«  moiiiin. 

Draw  the  hodoEiBph  of  a  pwljde  whifh,  ttattiDg  ttom  Mat,  moww  aloi^  the 
cimimfercnre  uf  a  drcio  with  ui  acrtlmtrd  speed,  tui'fa  that  the  ipeeij  increase* 
3  CII1.  fKT  tn^ooil  toa  c»ch  radian  nucpt  out  hf  the  )ioe  Jtiining  (he  putklc  to  iIk 
centre  nf  the  rlrele. 

TaVing  the  moon's  orbit  round  the  eaitli  to  be  a  drclc  of  ndiiH  240,000  nulet, 
calculate  the  ac«eIe*ation  with  which  the  nlrtlito  h  moving  with  ic&ieim  to  lt>e 
earth.  ,fuj.  See  f  ic& 

What  in  mranl  by  aajdng  that  the  angular  velodly  of  a  body  art  How  taaoy 
revtdulions  pet  tro^ni  would  tnch  a  body  inake?  Aat.  .  j. 

Why  is  it  that  a  fnur-lccged  Moul  i»  oftvo  &n>it«*dy  while  a  tfatec-lec^Kl  ttoti 
nl  wxyt  uandt  firm  i 

A  panicle  is  tnorinc  inacirclcoriaditixScin.  with  a  tpecd  of  t$tm.ftre.,  what 
isits  lUiKuIar  vrlDfity?  ,tmi.  I.SjJ, 

Show  itiil  if  the  point!  of  ihv  thrn  Ie|p  of  an  intimmenl  ml  in  three  poovrt 
which  ■iittt  nt  a  point,  aiul  are  equally  incliood  to  each  <Khc(,  (hen  (he  posiiian  of 
(he  iniinimcnt  is  fuced. 

CHAPTER  VIl 

/^  !■  Eiptain  what  is  meant  hy  lh«  ptrkid,  nnifilituik,  ami  phase  uf  a  S^  II.M.    If  Ilir 

]>«ii>il  ill  t  a  Mi^indi,  aiul  (he  an^plitudc  tocnu,  whM  arc  itie  ji1u»cand  the  duplace. 

mcni  at  a  time  14  seconds  nliet  a  pasage  of  the  particle  through  its  citrrmc 

positive  rloDgalion.  .4ha.  v/j  ;  j  cm. 

%  What  la  (lie  i>pm]  anil  accclcrilion  of  thr  particle  !n  l)ie  prctiout  queation  at  tlw 

indtant  eoosidctcd.  and  also  when  the  dispUoemcnt  i>  S  cnv. 

/lai.  r^'7s;'6em,,'■sec.i  sw'/jS cm./sec.' ;  ran./sec;  3T*;^ citk/Mc.*. 
y.  DcDW  the  hacmonic  curte  to  teprrtml  llio  S.ILH.  cnnxidetnl  ia  the  IM  two 

i]uaslian*,  and  apply  it  lu  lind  the  <li«placement  at  the  time  14  tccondi  and  the  tkne 

at  which  the  ditplacvmcnl  la  S  cm. 
4,  .^Aow  how  to  fxnd  the  resultant  motion  obtained  liyoampoundinf-topihct  two  cqna) 

nniform  circular  motions,  of  the  tame  period,  in  the  same  ploiu  i  (a)  when  tiM  l«o 


6. 


7. 


9. 
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Questions  and  Examples 

mntlnm  axe  In  itie  umcKOW ;  (J)  wlicn  Ihcy  ore  in  oppittiic  kdui.  Whit  will 
tic  thr  nsilUnI  mution  if  ihc  iwo  dfculii  molioiu  nic  in  oppoaile  Jcnici,  nnd 
difla  ncjr  tlighilj' from  one  *iiullurr  in  prfiott?  It.Sc.  1899. 
0,  Fiad  ibc  itvtlluil  cuno  ]h'«1iiv«<I  by  Ihc ocmpmtt(on  of  two  S.H.M.'i;.  M  right 
•nek*.  Ihc  (mplitodc  sixl  period  of  th«  one  being  (loulilc  Iliov  of  itie  other,  and 
ibcy  tutt  ao  ttat  Ihe  exCieme  positive  eiongiiliuiis  uecur  wniiillsacuuitl]'. 


CHAl'TEKS    VIH    ASH    l.\ 

> 

S.  A  fncr  aCM  upnn  ■  body  of  mils  150  grjins  for  10  leeondt,  uid  durinc  ihti  (ime^ 
(he  hndy.  xutine  from  tol.  moves  (>vet  300  cm.    Whkl  is  the  mai^Uudc  of  tli< 
futce?  Ant.  600  d]r>ie«. 

S.  A  lixce  of  loo  cIjrTM*  rnria  on  a  body  of  nhich  llic  nuu>  \%  60  i^ini.  What  witi  be 
Ihc  ipecd  and  momentuin  of  ihc  body  ij  iconndi  flfler  il  Msrts  fruni  tcti? 

/f«f.  as  <ni,,i'wc.  ',  isoogrmii.  cm./icc. 

3,  State  dvaily  the  Mtoni]  law  ofmniliin,  vid  tJiow  Imw  the  puullelii|;i:iiii  uf  fuicn 
I  may  be  deduced  by  Ihc  aid  of  it  liom  Ihc  puiailetoKnuD  o(  vclodlica.  Inu  Scl. 
■     1889. 

4.  Eannciate  Ihe  him  of  motion,  nnd  giic  iltuAtnlJuiis  ofcnch.  Apjily  the  iceond  to 
Ihc  cue  of  ■  Mime  Meadllj  Khirliiic  in ;«  circle,  anil  aitHrlicd  In  the  centre  of  Ihc 
taccio  by  31  piece  ofcluiic.     Inl.  Sd.  1893. 

B,  A  body  of  nu«t  5a  Enuui  it  allawed  la  &I1  ficcly  under  the  action  of  |>i>vily. 
CalcniNle  ibe  nKtmcnliitn  ii  poHcmes  after  J  weumli.  What  Ibrcc  acting  vrauUI 
i3;«eit  tonioreaiiit  clutii  under  iheKiinn  uffitaviiy  (^=98ocm./we.*). 

Am.  145, oco  grmL  cm./xc  :  49.000  dj-ne*. 
9.  Two  nfipnuccly  iSrected  parallel  fcocei  net  on  a  hudy  so  tliat  the  diiianec  belwocn 
ihcif  Bna  of  Mtioa  b  ao  cm.    'Pic  inBgntliiiirs  <if  tlw  forcei  being  y)  dynes  and 
30  djrnes,  find  ibc  poilion  snil  n»gn[ludo  of  llie  rruilinril. 

Am,  40  cm.  fniiu  Inkier  foiec  and  on  title  rei>i»ic  fronr  inuillcr :  10  dynet. 

7.  ^um  that  the  momeni  of  a  force  about  ■  piilitt  can  be  icpracnicd  t^  the  afc* 
of  aoeitain  Bg«re.  and  npply  Ihi*  rDHilt  to  find  the  pooidon  of  the  resulUnI  of  two 
pamlbl  liiTtm 

8.  A  bialy  It  in  e(|UJtitiiium  under  Ihe  influtnra  of  Ibrec  fiirter^.  Tvo  of  ihcic  ftjrtc* 
act  in  illrcetliiau  [nelli>r<I  hI  60°  li>  one  aiwither,  und  ibrir  nuienitudei  are  40  dyne* 
•nd  30  dynei  reipcclivcly.    Find  the  majiniiude  and  diteetion  of  the  third  fntce. 

A  HI-  toJIj  dyne*. 


1 
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I.  Define  Ihe  ((tMi  mercy  ■"■'  work,  and  explain  ho*,  fint,  the  htnctic,  iMriadtf, 
Ibc  pulifiiial,  tiMri^  of  a  blNne  body  it  meatuml.     S.  &  A.  D.  (.\.]  1S93. 

3,  What  ilri  ymi  UBdmtnad  l,y  enercy  ?  and  how  would  you  measarc  (a)  Ihe  •*ncr^ 
of*  bntlct  ihe  to  lu  moilnn  at  li  trans  ibe  munle  of  a  |pm ;  (4|  ihe  tnergy  of  a 
eloek  penduhiiM  bi  tbeMfhol  and  lownl  pnlntt  of  jttswint;?    rteljaa.  Sci.  18(9. 

B.  Explain  how  wiwk  ia  ■mnmii     A  Inin,  wdf^iDS  130  loni,  i^nn  fot  )  tnUc*  «p 
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ma  incline  of  I  b  lOO:  neclealne  bicliim,  fltkatale  In  loot-pnanili  the  wA 
(kiie.    InL  Sd.  rSS9L  Ami.  aJj8x  u/  ft.-|b. 

1  Dcliiw  «oA  and  «ai;rg]r.  CalcnUle  Ihe  nmfy.  la  foot-puuodt,  of  a  bm  «I 
180  Iht.  iniinnc  at  llic  (Mc  11/  ta  Tcci  a  xc^miL  lluw  b^h  wmld  Mdi  ■  ai* 
move  mdcr  K^vlly  if  piaJMtcd  atmuib  «ilh  tbb  vclodry.     PnUb,  Sd.  1S9I. 

Am.  9cw«|'ft--U«- 1  S«Vf  *«. 

K  What  do  jrcu  anilmland  tiy  llio  dimeiuiMw  of  ■  phpica)  qoutily  In  icrai  iri 
auat,  Icni^li,  >n4  lime?  Find  (he  mimlia  of  d)-nr>  in  ibe  dm  lafalch,  aouc 
on  I  cwi.  for  one  minuie,  pnxtace*  a  vdodiy  of  one  Bile  pet  btsar.  (i  B.' 
30.5  COL,  and  I  I1>.=4SJ  giuit).    tnt  SdL  (H.)  1889. 

Aiu.  )7,38xi.3]liiita^<lyaM. 

6.  A  Imllel  ucigfainK  I  ob.  b  6ted  from  a  tmoolb-liarc  gm  (^  fach  in  kiiend 
dianctcr,  simI  30  in.  long-  The  muile-velodty  of  ibe  build  U  i£oo  fcet  pn 
•ecOBd.  find  tbo  WKt^  of  (h«  hnlkt  in  fcct-pomKls  aod  Oie  p>r«w«  fct 
■riMK  loeli  in  1)10  tatrrf.  Mpfxncd  uaibnn  \g=  ja>     Int.  Sd  (H.)  1893. 

Am.  S^xno/f  ft.-llM. ;  7955  nB.pctaq.ia. 

T.  When  a  whed  ii  bctng  tumtd  round  on  an  adc^  tbow  thu  ihe  tnick  iIodc  b 
turning  it  can  he  dMerniincd  by  tncMiitinK  ■!>«  rooBcnl  .Vof  tbe  liunliv  eflgd 
misifod  10  prevent  ihc  axle  ftom  rouiin)[.  and  ibtA  calculain  ihc  mth  /Pdwe 
In  >  rtTc4iilians  b]r  ibe  fatmula  If  =>*■?.(/'.  Ilow  vould  f«a  incuare  Jf  n* 
pnioMnUlltrr  In  what  Kniti  nMHl  M  Lc  eiproHil  if  tf  it  to  be  n[«»cd)a 
fcol-powDd*7    B.Sc  i8».  W»».Swfsji, 

A  boofi,  wei^inc  2  llw.,  and  3  fact  In  lUaincler,  U  luQing  al  ihc  race  .if  -p 
rcvolB^ont  pet  ■timfle  ale«g  a  hotivKMal  toad.  Find  llic  klnrtic  majj-  of  ibi 
boopin  G>ot-)KiuDd(.  Tbc  pluie  of  the  hoop  iB\>cttical,  ind  (he  jiniiit  »r  it  in  n*>- 
tact  <tilh  ibc  |>niUDd  i*  oomentaiily  al  rnt.     tl.Sc.  1S95.      Atn.  3v'/iC  (»>l*lta. 

Sw  A  kikfiain  ardg|ht  dldinc  <lown  an  iodin<d  fitanc  9  cm.  bi|^  racbci  l)ic  l><t^ 
■tlh  avelociir  of  5  cm.  pMaeooniL  How  aemcn  eiKTQr  hu  horB  ratibod  nat  nfil 
•luting  Ibe  de«OH>i  (<=9So}.  Aut.  SS07500  op. 

IOl  Daaibe  tbo  Mtk*  of  vvcDlit  ihu  take  plar«  itnring  the  thi<t  dme  of  lm|Mi3  <f 
an  dMilc  ban  upon  an  nnjrieUiiic  ptmc  What  varinui  caato  pRrcfll  a  W 
laUl  Ulldg  on  a  ban)  *lak  finn  tebuoDding  to  the  height  liora«hlcb  it  felir  U 
audi  a  baO,  after  bcir^  dropprd  >io  ihc  ilah,  it  altowrd  to  rcboond  ^^  aal 
■pun,  who!  aoit  <A  tinr  cut  be  obtetvcd  In  Uw  woccKlve  lieigjiti  to  «hiA  k 
tiM*7    RSciS?!. 

CHAPTERS  XI  AWft  Xll 

Prove,  br  rtsolting  all  tlie  fom*  fanllel  to  tbe  pkne,  tlie  tmnite  Ibr  the  •. 
Illnnm  of  a  iHidr  oe  a  tmoolb  indiotd  ptaac 

K  »«igbl  nf  1000  Uloa  hia  to  be  diag^  U]i  a  Mmotfa  incriaed  pkm  wUdhj 
3  BD  erety  5  (BMUurcd  al«c  <^  iadined  uulkee^     Fiml  ibe  MMllesl  fad*  1 
ii  o^Mble  of  dang  ihU  (l>  •)•(■  ll  ad*  pualld  to  Uic  hate ;  (a)  aliea  k  i 
paMlklla  tbr  inrlinol  turliee,  A••l.^tfXloag^^tt^  Cooooqr^vv 

Vwn  Ihal  in  ibt  cn«  of  a  babtnce,  of  abich  tbe  annt  am  oT  imt(|M>l  lenph.  If  I 
Ihe  apfwent  wrighta  of  a  tMidy  when  it  ii  w«i(licd  lirM  in  mm  pn  and  then  !■] 
tbe  otbct  arc  n^  an)  Wk  tbcn  tbe  liaa  wriftht  u  s/viWp 


Qttfstioni  and  Examptes 


gat 


1. 


A  InlMwe,  the  beam  of  which  a  ys  an.  lonj;  *nd  weleh*  40  f;ntnt,  It  ilrflccMd 
ihnjugh  I'  (mc  pl  14I  l>y  *i<  excos  or  one  mmicam  in  one  of  the  jma.  whiil  it 
he  djAuioc  of  Iho  eenlro  of  gravily  of  the  btam  below  the  cciuinl  knile-edgc  ? 

/fij,  aonjcm. 
If  the  pliiDc  coniidcicfi  in  i^ucsiian  2  ii  ("nub,  «iu]  the  ctwdiciirnr  of  fiiciicin  lie- 
tmcn  the  body  unt!  the  plane  ii  0.1,  find  Ihe  force,  in  the  two  taxt  coniiilettd, 
latach  wilL  ju»t  slHil  Iht  body  niDTiiig.  Ahs.  )  1 1  Sooqf  dyocs  i  }600Dt^  ilynn. 
A  puniclc  iJiiln  diiwn  a  riiU|-h  indlncd  plane  whoso  JXIKk  u  CO*.  If  the  Co> 
e&cieni  of  friclion  be  t,  find  the  retto,  juit  licfnic  ihe  patiicle  icAchcs  the  botlom, 
cf  the  cncrt.'jr  dinipatcd  to  the  irboleoietgy  al  Muting.    U.S&  1899. 

If  Joo  ml.  per  Mcund  h  (he  linciir  speed  of  x  pjint  on  the  citciimfFtctioe  of  Ihe 
pulley  of  ■  friction  dyruiiiioiiiclcr,  and  tlie  wei);))!  M  lliu  end  of  tlic  sliap  it 
to  kilo>.  find  ihe  reading  in  the  >pring  ioLince  uhi-n  ihe  cnj^nu  h  doing  to^  ttip 
pet  Mcund.  The  i-t)*!)  of  the  d]|auuiitiiac(c(  ut»y  Iw  t>kcD  to  leiit  diitclly  on  the 
MrbocoJ  the  pulley  (^^gSo).  jiMt.  7.959  kUo^ 
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A  pMiiele  movts  nnilinitily  round  s  circlo  with  onf^ular  velocity  v.  Show  that 
ils  aiccclcralicni  l»  towudk  the  centre,  and  equal  lu  v'r.  Awimini;  the  law  o( 
l^vilaliiiii,  and  taking  the  otiia  of  the  caith  round  the  tun,  and  the  moon  mund 
llio  earth,  u  ciicuhir,  compare  the  iiiHwn  uf  the  «rn  and  the  caith,  given  thot  the 
muon  miikei  ihiilten  rcvuliil  icint  |icr  jw,  mhI  tliat  ihe  stm  {9390  limei  u  disiant 
u  the  DKHin-     K-Sc.  1894.  ^Mf.  35100a 

Gtvm  ttut  the  BiUoclion  belwcen  (wo  amall  ipherts,  cmH  haiin):  a  nian  of  I 
i;nua.  when  pUocd  with  their  coilna  at  a  di)lancc  of  1  cm.,  is  6.66  x  10'  *  dyne*, 
and  ttiat  ibe  >«Iue  nf  f  nl  Ihe  lui&cc  of  the  eaith  ii  9S0  cm./tec'.  Find  Ihe 
weigbt  of  ■  uDall  kadcii  spheia  of  dum  io  cranih  when  pUocd  vritically  uvn 
the  ocniM  of  a  tphere  of  ina»  loo  kitoa,  the  di^unce  tirtwM-n  the  centnn  licing 
locm.  jlni.  (9Soo  +  6,66x  iD'^fdyno. 

Find  the  ccntie  of  gravity  of  Uitee  equal  nuuic*  placed  at  the  eomcn  of  a  pita 
triangle. 

jimt.  A  iWrd  of  the  **r  up  the  line  JMning  mid-point  of  loae  to  the  vtitcx. 

dud  the  centre  o^K^^r  ■''■  irUn|[uIar  lanmia. 

/f Mfc  A*  in  previous  <|uMlba. 
A  «|U3UA  of  Mdc  a,  cui  owl  of  thin  nelal  has  one  of  the  Iriangkt  fomiod  by  the 
inUfKciion  of  ibe  diafionaU  cut  out.    Find  (he  crniie  of  paTilyof  the  teoHiiHler. 

Am,  At  a  diiuncie  of  a,'?  liom  Ibe  centre  of  iquare. 
Find  Ml  eq>r«*UDD  lot  the  lime  of  cucillation  of  a  timple  pendulum.     Point  out 
any  awampticmt  or  ^ipproDmaiiDii  you  nuke,  and  diow  how  ibcH  liinil   the 
applicaliutn  of  the  Ibrmula  you  oblain. 

How  can  [I  lie  tlioirn  thai  llic  «ei|j^it  "fa  iKidy  !«  faopoclinnal  10  it«  majnT 
TtM  BJM  at  Uic  bob  of  a  baUiMie  pcndutum  U  5  kilM,  and  when  uruck  hgr* 


go2 


QuestieHS  asid  RxampUs 


bullcC,  oT  wMck  the  nuua  b  i3o  (;™bi.  ibc  pendulum  ii  drinn  bnctc  w  (hH  ht 
bobisnited  Ihfough  1.5  on.    Find  the  qiMd  of  the  bulkt. 

^■f.  9313.4  cra./iK. 
%  A  tjmpla  pcmlulum,  of  teo(^  (So  cat. ,  (he  Mt  of  vttlch  luk  a  ntua  of  490  gnms, 
it  pulled  uidc  by  nican*  of  ■  twritootal  Uuoul  aiiachcd  50  em.  betow  tin  pinot  nf 
sappoTl,  K>  IhM  the  l»b  b  pnlkd  udde  tlicoai^  »  hocixoDUl  d.i>alMe  of  3  ^  1 1  ckl 
FdkI  Ihe  Isiui'Hi  in  the  horiwnial  ibmd,  Mtd  aho  Ihal  in  (ttc  nrioita  pottioM  of 
ttic  ihicad  nipponing^  the  boh. 

jlni.  39^/TtEtvns  weight  I  soognunswcshii  490  cnms  w«i^L 
10.  A  certain  pendulum,  *btu  aiiuwrd  lo  oadlhitc  at  a  HMion  A,  maka  1000  vllm- 
lioiii  lu  8  mia.  to  mc  t  obllr,  wlwn  rcnWKd  lo  It,  it  ninkca  looo  vihiatloru  in 
S  mill.  M  KC.     Find  ihc  ratio  uf  the  Mcclctatkina  of  |[(snl j  at  A  and  R 

Amt.  1.0411. 


CHAPTERS  XV  akb  XVI 


t.  Whal  n  the  ruodamcntal  dilEncncc  between  >  solid  nnit  a  liiguid  ?     Paraflia  wax 
utiil  111  1v  a  Kilt  solid,  icoline  wax  a  nxonu  riuiil ;  in  irhtl  duo  lliu  dstiDctKni 
between  the  two  conuM  7    I'reliTii.  ScL  1889^ 

2.  What  do  you  undcnijind  by  ihc  ivtttn  Hires,  Mrain,  and  cuoffieieM  of  ebuddtyf 
I1u<«  vvHiM  you  measute  the  cuclhdcnt  of  elaiticily  of  a  gaa  kept  at  cotMaoi 
lempenttutc  ? 

8.  Mercury  ii  poured  into  a  tube  cloicd  at  one  end  uniD  it  KMJict  a  point  1-  5  cm. 
Iruni  ilie  open  end.  The  tube  U  theo  inverted  ami  placed  in  a  vetticaJ  pouiion 
wilh  Ihe  lower  end  in  a  trutigh  a(  meicniy.  It  n  then  found  that  the  aii  fiHt  38 
cm.  iif  ihc  lube,  while  a  column  of  mercury  70  cm.  long  i*  auiainod  licl»w  it. 
Find  the  ticishl  of  the  huameler.  -rlitj.  74,9  em. 

4.  Vou  at«  [>ivcn  *0O  c.  c.  uf  nr  at  a  presnte  due  to  760  mm.  of  mercury.  On  ic- 
crwiog  the  prc^hure  l>y  ihnl  due  In  t  mm.  uf  mercury  wiiliiiuc  change  of  lempcra- 
tuie  the  volume  it  obicrved  to  decrtiuc  l>y  .363  c.  c  Find  ihe  coefKcicnl  uf  vnhimc 
cliiilioily  of  the  gat     {Densily  of  mercury  13.6.)  /tm.  1013500. 

ft  llow  lias  the  relation  b«wc«n  the  volume  and  ptoinite  at  coniUnt  lcnipen,taT« 
from  different  pun  liecn  determined  aocuiattly?  (iiic  a  liriiff  acrnimt  of  the 
trauttt.  A  narrow  tuiie  with  nnlform  Ixiie  is  dcMed  at  one  end,  and  near  ihr  olhn 
end  It  tt  thread  of  mercury  of  known  lenKlh.  The  tube  a  held  venfeal  mttli  iltr 
cicucd  end  ( I)  up,  (j)  down-  Show  how  the  Laromeiric  hei^t  may  be  detcrmtncd 
from  the  putilions  of  the  thrend.  auumisi;  thit  Boyle'ilaw  holdi.     B.S^  1S96L 

6.  The  volume  of  the  Imirel  of  an  air-pump  ii  300  c  c,  and  ihc  volume  of  (he  re- 
ceiver 1  lilTci.*  Whal  fraction  of  ilie  ori|;inal  prcoure  will  he  the  precuire  In  (he 
[cceivcr  alter  two  stroke*  ?  Am,  loo/iai. 

7,  Docribe  the  expeilmcllti  you  would  make  to  ptovs  (liat  S»  a  gu  at  cotwlaM 
lempeialure  fip  b  conttanl. /being  the  prc»ure  and  ■>  the  volumvof  tint  ga%.  In 
a  certain  gai  /i'  i>  observed  to  ilencaHi  ali^lly  la  the  (ncHute  rite*.  Sbow  that 
Ihe  reMMancc  tu  coniprcwJon  i«  IcM  than  It  vronld  be  if  Boyle's  law  held.  S.aad 
A.  n.  (A,)  1897. 

5.  Whu  it  meant  by  the  diffiiuon  of  a  p*t    Oetcribe  an  cxpnimeni  to  (how  thai  a 


n  given  mcmlmuie  maK  nfai\y  ihan  r  hotviet  one. 

A  smiQ  sphere  of  mau  one  inilli£Tam  Imvc-ii  ImrkUMKlt  «iid  UuviAiAt  Iwlwif^ 
Iwo  pKiattel  pbtid  Biih  a.  conilanl  speed  of  iocx> cni./scf.  [f  iheUiiliuicc  be- 
tween ilie  plana  is  5  cm.,  ritiil  itic  fnnpc  which  iniut  1:<;  applied  lo  thi;  plujin  la 
keep  ihcn  fioin  mc^ni;  uiiiicc  the  Inlliicncc  uf  llie  iiiipacti.  Obluiil  thit  bice 
(I)  iiappiHini;  ihu  diameter  of  the  ipheie  U>  lie  necli|>iblc ;  uul  (a)  when  tha 
dianwtcr  v(  ihu  spliere  it  a  mm.  W«i,  200  dync» ;  3o&  j  dyim 

Prove  Gnham'i  Uw  for  Uic  tato  uf  efl'uvlQn  of  »  ffu- 


CHAPTER  XVn 

Ddinc  the  prcsurc  it/  >  )xiiiit  ii>  *  fluid,  kiiiI  tihow  cicxrijr  hnw  il  is  Ibal  ihc  fiiro* 
on  tlie  botitontal  bate  of  a  I'twcl  conlitinln);  lltjuid  ili>c»  not  livpcnd  im  the  tluipc 
oflhv  lilies  uf  th«  vmel.     Im.  Sci.  i8Si>, 

How  d<ws  ihu  prctMiic  M  a.  point  in  ■  lluiil  vary  with  the  d«pth  of  Iha  pcgiK  beluw 
the  Muliteeof  the  fluid?  A  lutik-,  whunr  mluiiie  U  500  c-c,  U  mink  mouth  down- 
wud*  bctuw  the  Hirloice  of  a  pond,  flow  fni  mutt  il  be  »nnk  for  loo  c<  c.  of 
wucr  (i>  tun  up  iiiio  the  Uitllc  ?  The  height  of  the  laiumeici  at  (he  tuibce  of 
the  pond  ii  7^  mm.     (Speciric  cnivliy  of  inerciiry  i}.6.)    Int.  Sci.  1893. 

/tit.  jjS.s  <iw. 
How  aay  the  elasticity  of  a  liijujil  fae  mcuurcd  t    Compare  itic  denaly  of  water 
at  tbe  lutltice  utd  at  the  bollom  of  a  lake  too  metici  deep^  iffvra  that  the  com- 
{nrailiilit)'  il  t/lSOOO  per  atmutpbcrQ  of  760  mm.  of  inen.'ury,  und  lluit  (be 
dcnMtf  of  mercury  il  13,1s.     B.Sc  1S94.  /f  mi.  099956. 

Mctcurr  (dcnnty  13.6)  and  a  litjuid  nbjch  docKnot  mix  with  watet  are  placed  in 
■he  lioitn  of  a  IJ-lube,  and  the  yaxiti:ei  of  the  memiry  and  liijuid  are  al  ]cai. 
■ml  38  on.  rrtpe<'ti*ely  HUrve  their  cumman  lui^ce.  Kind  the  ilcnsl)'  of  the 
liquid.  What  cluni^  if  any,  would  be  (Uixluocd  if  tlic  (J-tuljc  were  wbolly 
unnened  in  watci}  Am.  I.4S7. 

TbanKTCiuy  turfiicc  woald  stand  at  ii.S/ii.ficm.  above  the  OMnaion  $uifoc« 
(a  the  Hmb  Cnntainlni-  the  imknnHn  li'juid. 

Thx  wei|[bu  leijuirRl  li>  tliilt  ■  Nidinlkun'i  hjilnHneler  tu  it*  matk  In  water  a 
3i>  gram.  The  vciifhu  rcti^uiiefl  when  :i  cixnain  hjIiiI  ia  jilaoed  linl  id  the  upper 
and  then  ia  the  lower  [nn  iie  lo  zi3JDi  and  14  gnina  reipediTel)'.  Find  Ihe 
Totuiae  uhI  dcatity  of  llig  body.  Am.  4  u  c^,  >.^ 
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CHAPTER  XVIII 

t>  Show  how  to  ctkulale  Ibc  hcit:hi  ti>  whirh  »  liijuld  tun  rite  in  a  tupElhij  lub& 
rrov«  IhttI  Ihe  «Kea  of  pceuute  iniidc  a  Hiap-ljulil>te  of  radbn  A'  it  |[rreti  by 

I-;  where  It  bihe  height  to  which  the  snap  solution,  of  deniity  ft  cuutd 

in  •  tube  of  radius  r.     Colcalote  the  ewcw  of  prcsaic  lUMnerically  fur  a 
I  wlioM  dan4alr  ii  Iliat  uf  waUr,  and  le  a  bubble  wboM  dbuD«(«r  ii  f^iwl  lu 
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tlw  height  ih*  Ifcjiiiil  ueendi  in  •  lobe  a  <i«Ml«r  of  ■  tniMmdrc  in  boK.    Bt 
cftirful  Iv  tuie  llie  ptcBure  conplttely,     ILSc.  1891. 

Ant.  49  (liraa  per  sq.  cm. 

!•  Find  ui  eiptCBfiiM  I6r  the  dilbtcnce  belwtin  (he  pcuwiutB  InUdc  and  unttidr  ■ 
irap-boliiila  whow  micface  tciuion  b  /'  aod  ndmt  r.  Wfau  irill  tie  llir  prrnoRc 
in  >  iplicrical  caiiijr  wiilwii «  dub  of  walct  if  ihe  cariiy  k  .oot  cm.  to  nuliin.  and 
M  the  ikplli  of  lo  on.  Utlixi  iho  Mrbor  of  the  water;  the  *ui&ce  tctnionof 
wata  i>  }S  bg.t.  nnila.  The  prenurc  oj  the  ail  on  i|i«  hox^m*.  of  ibc  water  Ii 
ihat  due  10  Tte  mat.  of  mCTCUt;.     B-Sft  1S95.    [UcnittT  of  mercury  i^&I 

.^(M.  (1 J6000+  <M»Tool  djno  per  «q,  cm. 

8L  a  drop  of  wiler  is  plac(<l  between  (wi>  jjline  [liecm  tX  glau,  whk-h  41c  inifand 
d«M  le^bn  uatil  the  film  la  cmywherc  x  cni.  iliictt,  and  A  m\.  cm.  in  atei. 
ShowltMt  the  plotci  me  urged  togelhec  with  a  bteccqiul  lo  aT^fx,  ahcro  Tl* 
ihe  sutEue  l«inioa  between  water  and  air.  'Hie  ungle  of  coniMt  bclwma 
and  water  b  10  be  aaumod  lo  lie  tcnK  B.  Sc.  i  S93.  { OttrUm  af  uititim, 
aider  a  unall  porttun  of  the  od|;e  of  the  tilm  oflenclh  tc  The  pall  doc  to  MirfiKM 
leiubn  al  ri^ht  anEle*  to  ttdi  portion  of  the  edge  will  be  Tic  fat  each  Una  of 
oonlact  betwnn  the  water  aod  shiK  Thrw  pullt  will  b«  al  rieht  a:^^  lo  ihc 
<4co  and  pantld  Ii  ihe  (-laM  iirlut*,  anil  hiU  i<i|^(h«r  amoaiil  lu  S7'lc.  U  f 
,  1*  the  siniinnl  by  which  the  jitcaiire  tniide  Ihc  lllm  b  le«  than  the  lIBHi^ietic 
'  preCRiie,  the  ill  ward  directed  foiee  due  to  ihc  nec«  of  the  extenuil  prcuuie  orci 
the  inleinal  pieuuFe  along  a  length  tc  of  the  edge  will  lie/  time*  the  oien  tcxj. 
IhM  is,  will  be  fiti:.  Now  Ibii  force  miiil  be  e<^ul  to  the  uutwnrd  diiecled  ftoce 
due  to  Huilaoe  icntiun  acting  along  iIic  liiie  of  eontaci  of  the  lk|«id  and  ghiM. 
llenee  aTtC-fixIc 

- 

Hence,  hineetlioaiea  of  the  film  in  contact  with  the  gUn  in  <f,  and  j>  a  the 
nmounl  by  which  ilie  cxieinnl  pieiaute  nceedi  the  inleinal,  the  force  [cndin|>  to 

preM  Iba  (Ian  pUlci  together  is      ^/f  o)  — -^^  1 

t'^1plRi^  the  [ciniliiii  Iieiwcvn  the  tnttux  tension  and  energj  pa  noil  area  of  a 

lujiiid  film.     RSc  1889. 

What  tl  meant  by  otmiiui?    Write  a  shi>rt  accooiil  of  the  telHtli-m  liclwnn  the 

oimotic  preuure  and  the  coneentration,  dmwine  attention  to  any  sinllaritka 

which  have  been  olncivod  between  (bSa  pbeiiomciioa  and   the   piopctties  of 

jpue*. 


CHAPTER  XIX 

1.   What  it  ntMDtbfWtlMnfte body? 

Z  Dctine  ihoileUl9dfu>«lii(le«>lid,and«howho«toiDMsiuehexpefjiiKniaIly. 
ILSc.  18S9. 

S.  A  wire,  of  lent^th  ajocm.  and  radius, 3  mm.,  iiatntcfaod  liy  hangini;  on  a  weight 
of  tl  ktloi.  ami  the  elingatitm  produced  is  8  mm.  Cakulile  the  vuhie  of  Vtning'a 
Dodulu*  from  thi'a  wite.  Am.   i.JOx  lO"  dynn  per  hj.  cik. 


Questions  and  Examples  90$ 

A  bodjr,  of  which  the  moment  of  inertia  is  A*  is  suspended  by  a  wire  such  that 
■he  restoring  couple  due  to  the  ligiditjr  of  the  wiie  produced  when  the  Ixidy  is 
twisted  through  one  radian  is  u.  If  the  peiiod  is  /,  find  the  kinetic  energy  uf 
Ihe  body  when  passing  through  its  posilion  of  rest,  when  it  is  vibrating  so  that  at 
its  pdnt  of  nutximuni  elongation  it  is  twisted  thiough  an  angle  8  from  its  position 
of  rest  Also  find  an  expression  for  its  potential  energy  when  at  its  point  of 
maximum  elongation,  and  hence  deduce  an  expression  for  /  in  lenns  of  A'and  ti. 

Am.  See  8  437. 
[In  this  problem  u$  represents  the  restoring  couple  for  a  displacement  9,  while 
in  the  cate  of  the  magnet  the  couple  is  MN.8,'\ 


BOOK     II 
CHAPTER    I 

L  Describe  the  principal  errors  of  the  mercurial  ihermomelei,  and  (he  means  used  to 
reduce  them.     S.  &  A.  D.  (A.)  1S97. 

2.  A  glass  bulb  with  a  uniform  fine  stem  weigbs  10  grams  when  empty,  1 17.3  grams 
when  the  bulb  only  is  full  of  mercury,  and  1 19. 7  grams  when  a  length  of  10,4 
cms.  of  the  Mem  is  also  filled  with  mercury.  Calculate  the  relative  coefficient  of 
expansion  for  temperature  of  a  liquid  which,  when  placed  In  the  same  hulb, 
expands  through  the  length  from  10.4  to  13.9  cm.  of  the  stem  when  waimcd  from 
o*  C  to  »S°  C.     The  denMty  of  mercury  is  13.6  grams  per  c.c     Int.  Sci.  1889. 

Am.  o.cooiSS. 

B.  A  glass  bulb  of  3t>  c  c.  capacity  at  0°  C,  containing  diy  hydrogen  at  the  atmos- 
pheric pressure  of  760  mm.  of  mercury,  is  heated  to  100°  C.  at  constant  pressure. 
Find  the  volume  of  Ihe  gas  expelled,  measured  at  0°  C.  and  ;6o  mm. ,  if  the  co- 
efficient of  expansion  of  hydrogen  is  1/273,  ^""^  'l*^'  °^  glass  1/40,000  per  1°  C. 
S,  &  A.  D.  (A.)  1900.  Am.  5.32  c,  c, 

4.  Explain  carefully  how  the  definition  of  a  degree  centigrade  is  connected  with  that 
of  Ihe  standard  atmosphere.  What  would  be  the  change  in  the  value  of  a  degree 
if  the  standard  atmosphere  were  defined  os  one  nicgadyne  per  square  eenlimclre? 
[Specific  gravity  of  mercury  at  0°  C.  13.596.  Value  of  ^  =  980.60  cg.s.  units 
Change  of  boiling-point  per  millimetre  increase  for  pressure  0.0366'  C]  S.  &  A, 
D,  (A.)  1S99.  Alls.  The  degree  would  be  0.00364°  C.  less. 

0,  Give  an  account  of  an  accurate  method  of  determining  the  coefficient  of  linear 
expanaon  ofa  solid.     S.  k  A.  D,  (A.)  (897. 

6.  Discuss  the  effects  of  varying  temperature  on  the  rate  of  a  clock  or  watch- 
Explain  how  chronometers  are  constructed  so  as  to  keep  accurate  time  in  spite  of 
change  of  temperature.     Int.  Sci.  1891. 

7.  Describe  a  form  of  air  therinonieler,  and  explain  «bnt  measurements  you  wcmid 
make  to  determine  liy  it  the  temperature  of  a  vessel  of  hot  water.  Given  brief 
account  of  the  cnrrecliona  to  lie  applied.  Why  is  it  lieltcr  10  define  i-i]ual  degrees 
of  temperature  by  the  air  thermometer  than  by  the  mercury  in  glass  thermometer? 
B.Sc.  1894. 
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ft.  Ei|iiiiin  ticn*  to  make  a  weij;li(  theiuwHiMCT.  It  Ihe  cvcAcient  of  Rtodie  n- 
puuiou  d  mercury  in  |[buM  be  *Al<  '*l>*'  nuns  of  nercurj  will  ovcrAow  fnNB  a 
wcig^  tbcrmomeier  wUck  coMaiat  400  gnma  of  metatiy  Kt  o*  C  itlKn  in 
hsmpnatuic  iiiaiKd  l<>  100*  C  r    8.  Jk  A.  it.(A.M99S.  J«x.  &■;  fitiuni. 

%  H  iba  cooflickinU  of  cutiical  expansioo  of  glut  and  mercury  aie  OtCiooo95  and 
OjOOOiS  respeaivdy,  what  faactina  of  ibc  whole  irotanM  rX  a  Rhn  voucl  ahonM 
lie  iiDod  «jlb  metcnry  in  «Rlet  that  the  rohune  of  the  cmpcy  pan  tbouM  iviDaiii 
ocmlaM  when  llie  ^laa  and  MMKiuy-ar*  b«*t«d  to  ilie  Mine  temperaiatt? 
&  ft  A.  D.  (A.)  1891.  Amu  0.139. 

10.  Iloir  may  the  ahaotuie  expannoa  of  uiy  nan-votuile  IqoM  h*  diiKtly  del«r- 
mined?  Explain  why  the  lialanciof  ofa  hot  acpunst  a ooU  column  cliniinatfs  the 
oxpamlon  of  the  tcmcI.  If  tlw  c»ld  oolumn  at  4*  C  wa«  60  om.  high,  and  the 
hot  cdunm  at  9$"  C  acre  i  cm.  higba,  what  w^uld  be  th«  abaoliHe  codRdcnt  U 
onUcalupawoa  of  Ihe  liquid?    S.  &  A.  D.  (.V)  tS^i.  .4iu.  0000061. 

U.  IJcaoIbe  an  oapcrimMt  wtildi  pravcs  that  ibo  dciuily  of  warn  b  greatest  at  a!i«t 

CHAPTER   II 

1.  In  incaMitinj;  the  tpcdiic  hcii  of  a  uituLancc  hf  the  method  uf  nuxture  ihe  rite  in 
tempcr^tuie  of  ihc  wutcr  in  Ihe  ealcriinclcr  hju  to  be  ileienninod.  iiliuw  liow  (he 
obwrraiiuru  are  cunecCtd  fur  the  lou  of  heat  by  tadiation  during  Ihc  liaac  ibv 
lemjKnilare  U  ruanc.     S.  &  A.  D.  (.V)  1S97. 

2.  Wlieii  IM  granuuf  a  given  liijuid  cnrlitol  111  a  copper  vestel  whwe  itatt  it  ao 
gnnis  me  heated  lo  a  too*  anil  JminerKd  in  300  );nini«  of  wnla  al  I  j*  cootuned 
in  a  copper  cnlorimeteT  whaic  nuus  i«  So  crami.  ibc  icmpemtuie  tiw*  to  17'.S  C 
Auumine  the  &|iedlic  heat  of  copper  lulwa.1.  find  thulof  the1i()uid.  S.  Sc  XDi 
(A.)  1S95.  jlirs.  0.497. 

&  A  mass  of  300  c"""*  of  copper,  whniicRpcdrichcat  l«  ^J,  is  healed  to  too*  C,  aad 
placed  in  too  gmmi  of  alcohol  at  S*  C  containn)  in  a  copper  calorinMler,  whoae 
mas  is  15  E">"iBi  ■"'I  <'"■'  tcni|)eniluie  lises  lu  38*.5  C  Find  the  spcdiic  heat  of 
alcohol     Int.  Sci.  18S9.  Xitf.  06^9. 

4.  IX'wiiFir  isiefiitly  ihc  c^pcHmenli  you  rould  maVc  in  order  lo  ahow  thai  Ihc  bcai 
pven  oiit  by  ■  rnasi  of  Hmiet  in  ctoUng  from  too'  C.  lo  50*  C.  it  apfiragumairly 
Ihe  Biine  0.1  ibai  needed  ui  txiw  the  Ruut  frum  O*  C.  lu  JO*  C  S.  ft  A.  D,  (A.) 
■899. 

Ou  Writ*  a  tbort  n»y  on  the  upcdfic  heat  of  (he  diunnnd.    S.  ft  A.  D.  (A.)  1891, 

6.  DnotlW  rarcfully  bow  to  conduct  a  scrio  of  experiincnU  lo  delcrniiae  the 
specific  heat  of  n  j^at  al  constant  ptcnure,  givins  ponicular  altenlion  to  Ihc  pre- 
CDutiuiu  nnil  curreclions  iT<iiiircd-     HSo.  (II.)  1893. 

7.  Whnl  !«  the  ri-laliinl  l^lwren  ihc  specific  heal  of  a  compound  and  that  oX  Its  Con- 
stliuentt?  ^liat  is  meant  bf  the  phnue  "Uumk  heU"?  S.  &  A.  U.  (A.) 
1900. 

CHAPTER  III 

1.  Twenty-five  grains  of  water  al  IJ*  C.  aic  put  Into  iho  (ulx  of  a  Dnntcn  kv  calori- 
tncler,  and  it  Ii>  otserved  that  the  mcicory  moit*  Ihtough  I9cc«linielre>-     Kifleen 
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j^naiaofameUlM  wtfCMc  then  y\acvA  in  llu- »!itcr  anil  ihc  mercuiy  move* 
ihiuuuh  ra  ccntioutRS.  Find  the  »pccHic  lirat  ot  ihc  mcl»l.  S.  &  A.  H,  (A.) 
tS<j3.  -*«.  .low- 

2.  Dcline  Iklrnl  htaU.  ([nw  much  ice  *X  o'  C.  would  ■  knugnim  of  Mciun  U  too*  C 
melt  1/  the  icnihing  vuct  wm  «  o"  ?   S.  A  A.  n.  (A, )  iS^t.      ^m.  7-95  *'■'«■ 

3.  DcicribcuuleKpIidniheiiidliixluf  iitiiicJiil/itlouncnlorinicicr.    S.  &  A.  U.(H.) 

lS'>5- 

4.  Hxpta!a  the  adhcdon  of  (wo  pJcMi  of  melting  ice  when  pntMd  logciher  and  let 
i;i>.  Wby  ii  it  not  nodiljr  poiuble  lo  make  snowball*  durlnfr  ftnsi  7  S.  &  A.  D.  (A.) 
189a 

8.  Descril*  fully  how  to  meosnic  the  hen!  of  viporiiation  of  1.  Ijijniil,  RxpUin  Ihe 
piCOMUions  that  ihould  be  tnkcn,  Bind  what  oonettionx  bIi'KiIiI  tic  niiiilid,  In  ordci 
la  obtain  an  accunti;  mull.      lt..Sc.  1$99. 

$  Wniut  oHiuiiK'it  in  «  cliucd  cxlorimi^ti-t  ii  heated  and  the  heal  SDjiplicd  is  measured. 
The  vapour  formed  h  renitn-ed  it  inch  »  lalc  thai  the  ti-mptntiiie  of  llii-  liquid 
lenukint  constant.  Hence  <hrjw  huw  to  find  the  laii-iit  hau  of  cvajMiration  of  the 
liquid.     S.  &  A.  I).  (A.)  ifl^S. 

7.  Whni  !•  meant  hy  the  vj.poui  prcuure  of  a  liquid  at  any  tcmpetatuie?  A  and  S 
gue  two  haromcicra.  J  has  a  little  nit  nbove  the  mercury,  while  fl  ha«»  little  air 
and  a  drop  of  water.  Tht;  rnii.liii|ni  of  ihc  two  hnniinetcri  happen  to  be  etjual  at 
Ihe  teiiiiwmlure  uf  the  riiiin.  Will  ihe>'  btiU  be  ccjual  when  the  Icmpcntuie  is 
raited  01  lovcrcd.  and  if  not,  which  will  give  the  higher  teodine?  Int.  Sci.  1S93. 
Aiu.  When  the  tcmpeniluTe  is  niicd  A  will  ^ive  the  tiighei  radloK. 

%  Describe  Regumlt't  ■ntlii'ji]  vl  menuiing  the  vajxnir  pceMnie  vf  waier  u  Icmpetv- 
tuiH  higher  Ihon  the  boiling-point  of  water  under  atmotphcric  ptcaottt.  ASe. 
1893. 

9.  [Mstingiiish  carefully  bciueen  n  ens  and  a  vnpoui.  A  nun  of  ail  ii  •atorainl  oith 
water  ofKiiir  3t  a  tcinpcraiuie  uf  100'  C. ;  on  railing  the  tctnptnilurc  of  the  n^le 
tu  300'  C.  without  change  uf  toluinr,  the  poreMute  ii  knaid  to  be  two  atniiApherM. 
Find  the  prcBcreat  o'  C.  of  this  vulumcofthediyait  oJone.    InL  Set.  (tl.)  18S9. 

Ani.  0,4)1  almoopherus.  Ileiwecn  iOCI*aBd  >00*  Ihe  vapour  in  unninrKled,  and 
ItenceUie  mttturcuf  airand  lapuur  ubeyi  Chorlci'i  htw.  Thui,  uni-c  ihc  pmaurc 
of  ilic  niiitareal  100*  C  i*  lun  atmotphcrc*,  Ihc  pressure  at  too'  C.  it  cigual  lu 
rfllor  in  airoosphcrci.  Since  at  100*  the  vapour  i>  wlarated  and  ilvl  ih« 
vapour  pnsmre  of  water  at  loO*  C.  in  one  atmoaphere,  the  prcsure  doe  to  the 
ur  alone  at  100'  11  ]f )  -  I  or  )f  I-  '^  tlie  prcaauie  a)  loo*  of  a  nrtun  mail  of  dry 
■>r  ■*  H}>  til*"  tt^'  pio-suic  at  o*,  the  volume  beiiiE  kept  ooiutanl,  will  l>c{flK)}|, 
Of  0.411  almosphcres. 

10,  Define  iticdew  (Konl,  and  explain  hcnr  to  5iul  llie  Duuaof  aqueousvapout  pretcnt 
in  A  ^T«n  TOlumt;  of  air.     S.  &  A,  1>,  |A.|  itlitj. 

U.  StaM  D*3lan't  law  u  to  ihe  picmirc  uf  a  miiture  of  puc*  «f  npuurt.  By  wbat 
•xptcimonls  would  yon  verify  il  for  air  and  watei  vapour  at  a  tempeiBiare  of  about 
$0-  C     aSf.  1889, 

12,   Dcseribc  an  eiprtimeni  to  >how  thai  water  can  be  froocu  by  ili  own  evapotalkm. , 
Uodct  what  (iii-urnslnncn  may  the  fieetinft'pcant  of  wnl«  and  itl  boilia 
ocancide?    l>iicuaa  the  conBciguciioca  ot  tuch  ao  arRaniiemcM.     S.  &  A.  D>  (A.) 
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UL  D«MtB)«  lb*  praecM  of  fireaiaf  a  to  per  onu.  talutinn  of  coBUMon  mIu    Gh«  ■ 

■fiiemm  CKpbiniD):  iha  cliuc«  of  tArcngth  of  tobnica  in  rcfalim  to  tanpetauae 

ai  ulidifialiva  pniMcik.     &  &  A.  1>.  (A.>  iSja 
U.  ^V1M  do  ro"  nndtnuad  bf  m  iKKbcmttl  corvcf    In^cue  the  fbnn  i>f  llic  curve 

Ca)  fcc  k  gM,  (^  far  «  vapww,  ahich  become*  uiutvtcd  u  ibc  premiic  riio. 

S.ftA.  a(A.)>S*9- 

15.  A  bodjr  cspnidi  on  solkll^ng.  Draw  and  cxplaiti  iKc  bnlIiL-rmal  onvc  Ibr  a 
tcnipnutuic  at  which  ibe  body  can  edit  (under  pr<q>er  oondiriomof  proMurt)  in 
the  ulid,  liquid,  and  gueoot  states,     S.  &  A.  D.  (A)  lS<M. 

16.  Write  a.  abort  UBuy  on  the  IWiit  of  the  iiulhemMl  of  a  bo<l]r  between  the  poinU 
wliiohreiMMCDt  thcb<|[iRiiJni;andi)ieend«fmp»n«uloB.    S.  &  A.  IX  (A)  tS^a 

17.  tiivc  a  dcMfiptMn  of  the  method*  cmplorcd  tn  liqne^ringoir  or  MMncotheroflbe 
more  permanent  ^ucs.     S.  &  A.  I>.  (A.)  189$. 

18.  l>cflne  the  criticail  tempcmtuic,  prrouru,  and  volunut  oTa  tajxnu,  aod  pvc  icane 
Jiccouct  of  ihe  behaviour  of  a  iUbalojiccntariLicriiiealpMnL    S.A:  A.D.(A]  1899. 


CHAPTER   IV 
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Describe  ihe  various  mconi  liy  which  heat  an  be  iransnitled  Irmn  on«  )dace  to 
another,  giving  cDLinples  of  each  method.     Inl.  Sci.  1S9J. 

2.  Itnw  can  the  cunducttvity  of  a  nb»tanc«  for  heal  be  Mcerlained  from  expert- 
nii'iiM  on  ilw  ttddjr  cutrc  of  leiiipcraturc  down  a  lont;  nnilbtm  lau?  UcKtibc 
the  method  and  nuidc  of  aitivins  at  the  result,  illuiiiating  with  diagrams.  InL 
Sd  (H.)  189s. 

8.  A  hliady  stream  •■(  watri  fluwinj;  ii  the  rate  of  500  gtanu  pa  minute  ihriiu|g;h  a 
CbiHi  tube  30  cm.  lon^  1  cm.  in  external  diamclet,  and  8  mm.  in  bore,  the  Mitade 
of  whidi  is  sarrounded  by  iteam  at  a  pr«cture  of  760  mm. ,  it  nitrd  in  tenfiera- 
ture  fruin  10*  lo  30°  C  M  it  pauo*  ihroagh  the  lube.  Find  apprmimnicly  iho 
ihcriiinl  oniiliKtlvUy  of  Ibe  Klku  In  caloriei  per  iqiutrc  cenlimFirc  per  second  Ibr 
a  leiupn.'Uurc  grjidieni  of  I*  C.  per  centimetre;     .S.  k  X  D.  (A}  1900L 

^lUCbOOl}!. 
(Takeas  theareaof  lh«  4lab  (hrijii|;h  which  1)10  heal  It  irarMmitled  Ibe  area  of 
a  cylinder  of  9  mm.  in  iliamcter,  attu  tnkc  the  mean  lemperattiTe  of  the  wslcr  ait 
the  lempenuurc  an  ihc  oild  tide  of  the  slab.] 

C  Give  na  ciperiment  which  ihoirt  that  met.-ils  are  good  cunducdin  and  that  wnod 
is  a  lx(d  oondiiL-lOT  uf  Imt.  How  niBny  |;[iiin*(li'i;r<c»  of  heat  will  be  cunduMtd 
in  an  hour  Ihrouch  r-uh  ti|uitrc  uciiiiinetrc  of  an  Iron  pUle  3  cm.  thick,  tia  two 
tidgs  being  Icept  nt  the  respeaive  tempentuics  of  Jo*  C.  and  100*  (1,  the  mean 
ipecific  ihcrmal  cunduclirity  of  iron  betve«n  tbese  tempnaluret  being  0,t»t 
S.  Je  A  D.  (A)  iSgA.  Am.  3t6oo  calorin. 

S,  I-Jxplain  hov  to  meosiire  the  coelKcienI  cJ  oonducilvfiy  (bi  heat  of  a  badly  oon- 
ilucling  suUianoc.  luch  lu  rock  or  auid.     R.Sc.  1SS9. 

(I.  Incline  ciiriduelivity  of  heal,  and  show  how  the  fundamenla]  units  of  length,  nutn, 
and  lime  enter  into  It*  nimierical  ■pedficalkm.  Taking  Ibe  corabuiivlly  of  iron 
n  .17  in  c^[s.  uniti,  what  UifTcrencc  of  Icmpcnilure  would  cxitt  bclwecD  the 
tuiWa  of  an  iiou  wall  j  cm.  thick,  through  c%'eTj'  square  metre  of  which  hcBi  ta 
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■tre«fnin|r  from  *  fnmaM  on  one  cjde  In(i>  bnillnj;  water  on  iha  Mli^r  ul  the  nte  o( 
30,000  csiL  niii»  per  minute  7    tnl.  %a.  ii{9i.  ^si.  Src  )  MiS;  o'.SXi. 

7.  Dt^cribff  »oine   mcihoi]  of  deitnnininj  the  thrnnnl   fon*ictivirj^  of  n  liquid, 
iTKlicnlini'  l)<e  <hIcrdifiicuitiFi  uliicli  have  to  Xnf  tfttrromt.     S.  &  A.  D.  (A.)  iS^ 

B.  Dcuribc  anil  eipSoin  ihcr  splnrnildtl  Mute  ufi  1i<|uy.    8.  ft  A.  IX  (A.)  iSqj. 

8.  Dcicrit*  how  the  nmdtictivitr  of  n  gu  u  mtmjuied. 


CHAI'TER   V 

1.  Write  a  ihoit  esuy  on  iVi/t  rHalfcms  bcl««en  the  ab>orptive  md  «mi»ive  pmren 
oflhq  nnw  body  for  (lin«renl  h<nd«orndliit!nn.    &&  A.  IX  (A.]  tS97. 

2.  Wliiil  iMn^ri mciil*  Mviuld  yoii  pcrbrm  lo  shuw  llul  B  lilnrkcncd  uufdci;  flbuilB 
hfMi  well  ami  radialci  11  freely,  while  •  poli»h«l  surface  ■fnotlis  >Adly  and  ndlktc* 
bully.     Prclini.  Sd,  1SS9L 

3.  Devribt  «sperimrnt«  by  which  the  Uwt  of  onllnt;  nuy  tie  frniiid,  and  gift  *n 
account  of  the  laulli  ohiaincd.     B.Sc  ttSSlf. 

4.  itlAle  Pfeiroat'*  Ihwry  of  eichangn,  and  »hcnr  how  it  follow*  from  the  theory  that 
■he  mdiating  and  atnrnliin^  jinnen  of  s  nirftce  at  a  givin  Itmperalutr  are  the 
■miF.    S.  A  A.  D.  (A.)  189+ 

5.  Rxplain  how.  by  the  meiuureineni  of  the  rate  of  n»lins,  the  specific  he«l  of  1 
llqBiit  caa  lip  delennined.  A  lyipprr  (alotimrter  weighing  15  gramt  i«  lillod  first 
wJlh  wj,ler,  then  with  n  liquii},  nnd  the  timet  taken  in  the  two  rxta  lu  cool  ftom 
6;*  to  60*  ate  170  seconds  nnd  150  seconds  reipectiiely.  The  weight  of  the  water 
b  II  gnms  and  that  of  tha  liquid  Ij  gism*,  calculate  ihe  (perilic  heal  of  the 
liquid.    Spedlic  h(Mi  nf  capper  at.  Ant.  0^73}. 


CHAPTER  VI 


L  Gfre  an  outline  of  the  arfpimcnl^  which  leaul  to  the  eonehndon  that  hou  h  ■  mode 
of  DiMlon.     S.  &  A.  I).  (A.)  1S9S. 

1.  Slate  >nd  commmt  on  the  Flrct  Iaw  of  Thermo-dyiMinlcs.  niiat  connection  ha* 
it  with  the  lawof  ihcConiiemiion  of  Etietgy?  Pinm  what  tiei|;hl  muvi  ahinipof 
JQo  at  0^  C  Ml  in  <ir<ler  lo  inrll  itiicll,  wippodtig  it  poosble  lo  concentrate  aJI  the 
«nei|^  of  the  &I1  In  the  lump?    RSc  iSqi.  Am.  34904  metre*. 

8.   In  one  form  of  apponttu  Im  finding  (he  mechanical  ei|«ii-atrnl  of  he>l  n  hollow 
cone  is  made  to  rotate  about  a  Tcriical  axik     A  iMonil  hollow  cunt  AIM  villi 
t  fit*  in<ide  Ihii,  and  is  kepi  from  miuinit  b;  a  known  couple  aNiui  the  aii*. 
Show  hiiw  lo  calculate  Ihe  work  done  Bgniml  Ibe  Metion  belwecn  the  canes. 
Int.  Sa  (IL)  iSSg. 

WhM  do  you  unilrrninni)  liy  the  mechanicit  tirniTalent  of  heat  7  Talciof  Ihe 
nirchoBloi!  e<|iilvtlriit  ai  1400  Awl-pouedi  per  decree  ccniicnMie,  drivradne  ihe 
beat  pmhiced  in  Mopp'ng  liy  fnction  n  flywheel  lia  tint,  in  nwia,  ami  s  It.  to 
n^Gtti.  (niMlni;  at  ihp  tnte  r4 1  turn  per  second,  anumini;  ihr  m^*Ar  vom  enneenn 
nued  in  the  rim.     S.  ft  A.  D.  (A.I  1804. 

Aat.  Ena«th  to  htai  (ki9B  tto.  of  wale'  I*  Gul 


9IO  Questions  and  Examples 

Ol  ei|>lifai  carcliillr  the  otantatloM  mne—iy  Ut  dttominr  (be  nccluuikal  cqinn 
lent  ofhral  bf  JouW't  otMlxd,  and  (bow  tww  the  nine  of  J  b  to  be  inmd  fram 
Uw  otwrtaiiow.    S»tt  A.  D.  (H)  iS97> 

fl.  A  caanoD  Ull,  Ibc  vmt  ol  a^ifh  U  too  kUaeiun.  u  projcrled  with  a  xyjodlf  ol 
500  netia  pc«  loooml.  KuhI  in  ci-.f^  unitt  the  uoouM  of  hat  wUdi  wooh!  bt 
praduoeil  iTtke  toll  wci«  w*ililen1y  MojiiiaL    5.  &  A.  O.  (A.)  1898. 

Mm.  S.9S4  X  1^  ttloriet. 
f,  ir>n  cnfiM  wotking  tt  611.4  hortc-fiowcT  fcorra  a  Intn  M  ooiMant  fpced  « the 
Wnl  Ibr  5  numttei,  how  mndi  h«M  U  pmdiwvd.  asnmtni;  that  all  thn  miulnc 
ciwigj  ii  oonvi^til  inlu  hoU  7   Take  thn  mcdanicaj  oquiualeiU  ~  77S ;  one  horK> 
povrccJS.OOofoot-imuadapcr  minute.    &  ft  A.  D.  (A.).  1897. 

/fiif.  Enoocb  lobeat  131,000  Iba.  ofmuet  t]m>«^  i"  F. 
S.  Explain  iriijr  Ibe  fp«ci6c  heat  of  a  ff*  at  oonilaot  prenure  ix  fttMtt  than  the 

■pedlic  tint  M  Mnitant  vnlnnie.     S.  ft  A.  D.  (A.)  1894. 
B.  Sbo»  liu«  Id  ealcuLitc  the  inechaBlral  njulTalenu  of  beat  ftom  a  knowledge  of  ibt 
ipedlie  bcati  of  ait  tX  comtont  proHtre  and  volinne  (e«p(ctivcl|',  exptainne  caiC' 
■Sillf  anf  antimplions  tnade  in  the  pfoco^     BlSc^  iSS^ 

IOl  IMacrilia  aiul  £>*«  >  etntnil  eaplanalion  of  the  thennal  rfTectx  of  comprcaiac 
«uldentr(i|a|;ai,(i)iaMtauaia&pnanitiebci<vMno'nDd4°C  S.  &  A  IX  (A) 
189SL 

11.  Ei|daiB  the  principle  of  the  oontinuciiu  pn)CMB  nuw  |;meralty  adopted  in  tht 
liqu«fiunt(in  of  air.  ft\\y  ilim  mil  ihe  nuic  nclhod  wi-cMtl  in  Ibe  CMC  of 
hydfoi^n  wjihoul  prelim)  nary  o<alinfi  to  a  very  lo*  leiuperaiure  ?  $.&  A.  IX 
(A.)  1900. 

U  Daaibc  a  melhud  by  vhich  the  taliu  oS  Ibc  specific  heats  at  oonataal  pttasiifr 
and  oonilKiil  roluni*  haa  hern  mratiiml  ha  alt, 

18.  A  quantity  of  otiUnaty  damp  ait  uiid«i  ptceutc  ti  iui!denty  allowed  to  npand 
Deicnbc  wliat  happem,  and  siKiw  what  ha*  become  of  the  eiMtgy  of  the  contprnKd 
air.     Int.  !>d.  1891. 

Ii.  Wlial  \^  ihe  thermal  evidence  that  the  altmclion  between  the  molnniles  of  Ibc 
ontinaiy  |[aici  uiidef  iituidani  con Jili«nk  it  vnlJI  f    &  &  A.  D.  (A.)  1S9;. 

IS,  Prove  that  the  product  of  Ihs  deiihlty  nf  a  gaa  into  the  dilfcrrr^w  liriwrn  h» 
apecLfic  heal*  at  oonMani  pteamre  and  at  eonManl  vohtmc  is  the  wine  tat  all  pcr- 
ftd  ttatca.     S.  ik  A.  D.  (A.)  1895. 

Id,  The  htlcnt  h«t  of  iltam  at  too'  C.  is  S.l*-  '^  ■  k'locnira  of  water,  when  con- 
vened into  uiuralcil  Mtnin  ml  alRiiMj^heric  prcatnrc,  occupio  1.651  cuUc  mcirei, 
MinUte  the  ainoiini  of  best  spent  !n  intnniil  wotk  dortns  the  convcrvon  of  water 
■t  too*  C-  Into  steam  at  ibe  tame  Irmpeialuie.    S.  ft  A.  I).  (A.)  1893, 

Ant.  496.09  calories  per  Enn. 

17.  Enunciate  the  tieoonil  law  of  thcrnio-dynamic*.  A  hcoi  engine  wurkinf;  bdwots 
iwo  t^ii|«ratuie»  eonid  ibeoreiicnily  eonveit  onciixth  of  ihe  heal  mpplied  ioio 
utrfiil  work,  but  if  the  tower  temperature  were  roduced  by  65*  C  the  theoreliail 
elKciency  would  be  doubled.     Find  Ihe  temperaiuit*.     S.  fe  A.  D.  (A.)  litg;. 

Am.  ii7*C.  nnds»T. 

U,  Aamimini!  ibe  properties  of  an  <n^ae  working  In  a  dniple  tevcndble  cycle.  eipUin 
ihc  fun*lruclion  of  the  ii^Ie  of  ahiolutc  temperature.    S.  &  A-  D.  (A.)  l90Ck 

Ul  a  beat  engiiie  wotki  between  Ihc  temperatures  117*  atid  $1*  C    It  ia  tband  tbai 
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CHAPTER   I 


only  \,  nrtlidsrgMt  tnipniit  orinwl  lh.it  ronlil  piuihly  Ihi  ntiliwd  U  »clually  oin- 
vcrled  inio  lixfiil  uiiik.  What  fnirliim  <X  the  lolnl  amcwnt  of  hc.U  supplied  U 
uMfullf  i^miilofTil?    S.  &  A.  D,  (A.)  1S95.  Atii.  ,>,. 

to.  Cht  (he  itwrino-dynsmic  rcunnitij;  fr':<ni  irliich  U  followB  that  the  ftminc'iMiat  of 
ice  i«  lowcrrd  liy  prcaurc.     ILSc  (II.)  i8t!9. 

11.  Show  ihai  the  efficiency  of  ill  rci-eniblc  ihcmul  engine*  ii  the  wme.  What 
ptopstion  of  Ixat  eiKfgy  could  be  tnuisfDrmed  inio  mechiuilial  work  by  t, 
tcvcnitile  tbemuJ  en^ne  wurkini;  between  o*  and  loo*  C.7    U.Sc.  lS9> 

Am.  loo'jyj. 

UL  Eiplain  clotrly  wtMC  b  meani  by  the  revcne  action  of  a  hent  cn£inc,  and  describe 
fully  tbe  Tarious  actions  IIiAt  would  occur  if  in  oirliniry  Mcani  rn[;Mi«  were  l»  lie. 
in  tliis  Kntc,  rcvcned.  Itcfme  the  rilif^ii'ncy  of  in  cn|;lne,  and  t.how  that  fd  a 
reventble  engine  the  eSidcncy  ii  a  nuuimnin.    B.Sc.  1891. 

f  1  Drfne  wavr-lcnglh  rccguency,  Kii«-volod(y,  ami  illtuliale  by  rcfereiiTC  both  to 
lrai|^ial!nal  «»■]  traiiii-crttf  waro.  Given  that,  if  1-  i*  llic  vctodly  of  .1  mler 
wave,  nod  X  ii  ihc  waw-lengih,  t^=g\!3t,  cnlculale  iho  velodiy  and  fieijuency 
of «  wave  iihRi  the  diil^noe  from  one  crest  to  the  iieit  is  obacrvcd  to  be  5  j  ft, 

Aai.  ■&74  It/KC  :  aj04. 

3:  Wliat  ii  meant  by  the  tntcrfcrenM  of  waves?  tliplun  the  pntlem  >cenO)  by 
innmiuneous  (3)  by  steady  illumiiulian  on  the  nir&cc  of  n  liquid,  into  vhich  dip 
two  i^aas  ttyleialCachnI  to  tlic  vihralingpnmgpfa  luning-ftirk. 

&  (iivo  a  i^nci^  eaplanatlon  of  (he  reflcxinn  of  wave^  It  J*  notlotti  that  wtmt 
waves  in  naier  nte  running  in  obliquely  to  the  ihiwe,  they  tend  to  bccnme  tnore 
nearly  paialUt  to  the  »li'>ic  lu  Ihcy  admun ;  explain  Ihii. 

4.  Prove  thai  ncninllo);  lu  llujj^cn't  theory  at  wave  pmpai^tion  the  anRlot  of 
incideni.'C  iind  rrllcctjon  ofa  plane  wave  front  nte  r<|».il.     S.  A  A.  I).  (A.)  1893. 

6.  Show  that  iwii  imns  of  efjual  iim]i1e  wxvn  mcivini;  with  eigiial  veloeitia  in 
oppoailc  ditmioni  produce  a  lerini  of  MBtionaiy  wdtcv  tf  the  wlncily  of  the 
«■(«*  ia  V  and  the  distance  between  the  nodes  i*  /,  ihow  that  the  (reiiiMMy  la 

0.  Calcnlale  the  vrlnelly  with  which  a  lateml  (liMviliance  rum  along  a  itrctched 
■trine 

7.  (iive  an  outline  ot  the  methcd  by  which  Newion'i  cxpresuan  for  the  i-eloeity  rf 
propafpktiiin  of  a  wa«c  in  an  eloitic  fluid  cAn  he  obtainrd.  If  the  veliwity  with 
whkh  a  wave  inieti  ihteosh  •  moBi  of  water  ii  1415  meliet  pti  tMomt  eakii' 
lata  th«  anioani  17  whkh  (h«  wilame  of  a  cubic  niette  would  be  detrwacd  if  ttaj 
prennre  aetinj;  on  It  were  IncreSttd  bf  one  mcgadyrw  [}tf  dyrm)  per  aqu 
ccntimMrc  ^»(.  49.2  c  b 
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Questions  and  ExamfiUs 
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CHAPTER    II 

1,  Define  the  tmn  oocffidtnt  of  rlulicilj.    Show  that  lite  coeffieknl  cS  voln 
clMlictlf  o(  s  1^  when  cum|irrMMil,  tiitijcet  ti>  tht  condillnn  tW  llierc  U  no 
cluni;*  of  lempcniluTe.  »  c(|ual  %o  Ihc  prcMiu«.     S.  A:  A.  D.  (A.)  1897. 

S:  ColcaUic  the  vctodly  uf  uund  al  o>*  C.  Iiavuqi  given  i)ie  foOowinf;  daui : — 
Hci^t  of  barometer,  TGn  mm.  i  Attmty  of  uimtoY,  t^A  gruns  per  c  on. ;  cxiio 
oftficclfichcaU.  t.41 ;  miuK  of  i  Ikn  of  i3fy  ik  ai  o*C,  1.19  SrvnHj  Moeleta- 
tion  due  to  grnviiy,  9S1  cm.  pel  (cc    .S.  &  A  D.  (.V)  1894. 

'•'"-  3J3  n>etrc»  p«  mc 

8.  Ptme  (hat  (he  Tclodty  of  mudcI  in  ■  ^ls  at  given  lumptriiitice  i>  inilrpendcot  c! 
iti  Male  of  oi»pte>»inn  otnn&clion.  Calculxic  l)ic  vrluciij'  of  hninil  in  hydrogen 
at  ~  100'  C.  gii-cn  that  at  o'nnd  75  cm.  of  metcuty,  ll^Iitia  weigh  1  (■nni. 
Int  Sd,  (H.)  1891.  Aiu,  1035.6  mclrci  pa  fee 

4.  Wl]iit  iri;  the  jiciipctiin  which  ilelermine  the  velocity  of  unind  In  a  tiilid,  a  liquid, 
.11  a  fiai?  Explain  why  Newton'*  value  of  (he  velocity  of  lound  in  air  dtlTcn 
6can  ihe  true  value.  Calculate  the  Nrwlonian  velidly  of  sound  in  a  gai  whose 
dtn^ily  at  ttHnilatil  picwure  and  Icmjictaluic  it  I  kilogram  per  cuhic  metre.  What 
would  you  expect  the  Ime  velodty  to  be  ?    S.  &  A  D.  <n.)  1691. 

Atu.  319  m,/iec  i  ^78  mjiee. 

St  RxpUin  how  il  is  that  the  velocity  of  sound  in  air  Is  afleclcil  by  the  tenipentU 
A  ciniioTi  11  lircil  frum  k  pcMliiiin  A  at  the  top  of  *  miiu:itaiii,  anil  ■•Ivenvn  1 
Mntlimcd  M  two  poinbt  B  and  C  e<|ui-diiianl  from  A.  B  is  at  the  lop  uf  aixxher 
mcHintain,  and  C  in  the  valley  between  ihc  l«i>.  AuuminK  Ihe  tempenture  ol 
(he  vr  to  fall  as  we  tuicend,  explain  whidi  of  the  obwrven  will  hear  the  CMioon 
fint.    S.  &  A.  D.  (.V)  iS^S.  /firi.  C  fim.. 

CHAPTER   III 

1.  Ditllneutoh  between  Ihc  inletuily,  pitch,  ani)  quality  of  a  noond.    IlMr  1 

Doitc  differ  from  a  muitcal  noic  I    Prelim.  Sci.  iS9a 
2l  Define  a  musicil  inleival,  and  explain  clnuly  «4iy  keyed  inUrumtnta  aie  nem 

tnned  lu  Ihu  ojnect  inlcivaU  of  the  Iheoreiical  Male.     KSc  18S9. 

3.  litplain  the  neecuiiy  for  n  i.yitem  of  temperament  and  Ihe  principle*  on  «h!ch 
the  method  of  eipinl  lenipeiament  is  baiwl,     S.  &  A.  D.  (A)  1S94. 

4.  Taking  the  (re>iuency  of  C  u  unity,  compare  the  Trtijueneha  of  th«  eo(«  F  aharp 
on  thenjually  tempered  scale  ami  that  of  a  temitone  abovtt  Fan  IheiWonI  Kale. 
.^.  k  A  U.  (A)  190a  jtni.  >.4>4:  1.389^ 

8.  If  the  middle  C  ccitrcitpondi  10  256  vibraliiiiu  jicr  second,  how  many  baita  would 
be  heatd  per  iccond  if  the  note  F  sharji  were  ximultaDCOiulf  sounded  in  the 
tiaiunt  Kale  and  in  theioUc  of  equal  teniperanieni  ?    S,  A  A  D.  (A)  1893. 

^m,  <>.4. 
6.   Between  what  pair  of  noic«  on  the  diatonic  «cale  ate  the  Inlcrvali  (1)  a  peilecl 
jbatth,  and(:)  a  perfect  fifth?    To  wlul  intenala  do  (he  sum  and  djfleiencc  ofn 
perfect  InuTlh  and  fifth  cortcqiond  rrapeetivcly ?    S.  &  A.  IX  (A.)  1898. 

Ami.  C-P  I  C-C  i  octave;  nutjnr  tone. 


QttestioHS  and  Examples 
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7.  !ihow  ihil  In  A  piano  which  U  luncd  to  Ihc  njunlly  icmpnctl  Kile  il  h  [XHsiMe  lu 
lime  nil  ihc  niiiM  of  the  liiatonic  icalc  if  wc  aic  aUl-  Io  tunc  Ilie  iwo  inictMlM  of 
aa  ocMVQ  and  riftli. 

CHAPTER    IV 


Anole  of  high  pilch  ii  licing  Joundcd  in  fioni  of  n  vcfticsl  will,  and  at  x  ili&ixncc 
'■r  A  frw  feci  frciin  It.  On  nKnini;  a  wnitilin:  Rniiiu  about  hcluctn  the  tttat^x  of 
luund  uid  (he  wall  n  wiioi  of  polnix  aic  found  ai  which  thi;  Itame  »  not  alTected. 
Ei|^n  tT.it,  and  show  how  to  dclcnninc  lioin  a  knowledge  of  ihciT  po^ilon  llic 
pitch  uf  the  niXe.     lal.  Sd.  (II.)  1SH9. 

IftvcMlgate  the  etfect  on  Ihe  pitch  <A  it  «ound  of  motion  (l)  of  the  tource,  (i)  ol 
the  reoeiver.  An  engine,  m  a  cutting  bclween  two  bridj^,  U  whiHi1iii|;  when  iu 
velodlj  is  I/JO  llial  of  iwinil  in  aii.  Compare  the  &ei|uende»  of  the  echoet  finni 
ibr  two  liridgnt  tu  an  obscivcr  hetwcTK  tWni.     B.Sc.  1S96.  Am.  1-1053. 

A  loconioliTe  whistle  emltiins  3000  wavci  per  i«mnd  is  mnvinj;  tnwuilt  you  at 
tbe  laie  of  60  iniln  an  hour,  on  a  dny  when  ilic  ihertnotncicr  itonds  el  15'*  C. 
Calculate  the  npptieni  pilch  of  ihc  triilMle,  and  cip1i>in  [Hciistly  why  it  ii  not  ihe 
•ii*e  pilch  (vclodly  of  lound  at  t>'='i095  (L;'iec.J     S.  St.  A.  I).  (A.J  iSji. 

Am.  1157. 
IVtctlbc  an  eipctiiuciit  to  illuaintc  the  inicifeteut'e  ofMuod. 
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CHAPTER  V 


1.  Four  siringt  of  ihe  amc  weight  and  maLctial,  nnd  iiretched  with  Ihe  aamr  fotce, 
give  the  notei  of  the  common  chunt.  Kind  the  ralim  of  their  lengths  to  IliU  of 
IheiJioKMIoriheni.     S.  A  A.  1>.  (A.)  1S99.  Ant.  I  t|:|:a. 

2.  A  nrinK  ia  attached  to  a  wdghl  which,  when  the  length  of  the  *iflng  b  altered,  b 
adjuitetl  K>  OS  to  i)c  olwajs  ct|UB)  [o  400  liran  the  weight  of  the  iltjng ;  iili»w  ihai 
ihe  oumlicr  uF  vibialiont  per  second  n  inieiscl)'  at  Ihe  K|uarc  root  of  the  len|^. 
Kind  the  numWr  of  vibtaliont  for  a  length  of  3  feet  of  Miiii^.  S.  &  A.  D,  (A.) 
1S94.  Am.  40, 

S.  A  leriei  of  pulses  is  transtnitled  along  a  ilrirg  which  ii  fixed  at  ooe  end.  If  lh« 
pnlaei  follow  one  another  at  a  cenaln  rale,  ihc  iirlng  riliralct  witli  a  nuinbet  of 
pnlMa  of  no  niiHion.    Why  Ix  diU?    S.  U  A.  D.  (A.)  1S97. 

4^  Riplaio  «h]r  the  pilch  of  ■  lUing  ribtaling  Irantnetieljr  dependt  on  the  teniten, 
while  that  of  ■  Mring  vitnating  longiludinaPy  is  not  gical)/  aifrelci^  hy  cbasgea  of 
tcniion.    S.  ft  A.  I>.  (AI  1897. 

&  Two  wdcht*,  A  and  It,  arc  attached  lo  Iwo  ttrinf^,  the  lengihi  of  which  ue  in 
the  pMpDition  of  9  to  to,  bni  which  ate  othetwiie  limiLir.  When  the  weightt 
ue  esctw^cd,  ihe  numher  of  l>eit>  henid  when  Ihe  two  Mirngi  give  theif  fomlB- 
menial  notn  ii  ihm  liniet  m  great  as  bcfixc.  Kind  llio  ratio  of  the  wd^ht^ 
S.  «  A.  IX  (A,l  1897.  Am.  A/B-  J47*J«o«4  -r  Ilf. 

Detcrihc  KHiie  nccumlc  method  of  deleimininE  the  lre«n«ene]r  of  Ihe  note  emitted 
ftom  a  {iven  (uiucc.     Two  fuiks,  when  siniiulcd  logethcf ,  give  4  beat*  prt  ■cei>B4 

3M 
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QuetlioHs  and  Examples 


One  M  Ln  nnism  with  a  Icnph  of  $£  cm.  d  >  monncliotd  siring  undn  comuM 
Icmion,  Biul  iliu  oilier  wiih  97  cm.  of  Ox  taunr  irtilng.  E-'iotl  Ibc  li«)Ueno<n  of 
tbc  ibfluk     Int.  ScL  (II.)  1S9}.  ,4iu.  38$,  3.V.I. 

7.  Uomllic  (be  prindpal  auda  of  ribntion  posaible  to  a  frM  aoMA  bai,  t  melf c  lon|t 
■o  CM.  bnnd.  ami  5  cni-  llikk.  Wo*  would  fni  vxhiliit  ihcm  ?  If  i)w  tw  were 
eighl  timm  lU  faatvf  u  iit  own  volume  of  ur«let,  and  If,  ahcn  vUmllni;  loDj^tuiU- 
lullr,  iu  lowot  note  wu  thiM  ocUvM  above  middle  C  (Ijti  rib  pet  kc),  wlal 
thould  be  tbcnlue  of  iu  VMrng'*  tnodulus  (or  kx^ludinal  elaMfcii;}?  B.Sc. 
■891.  /f-u.  13.4*  X 10". 

8.  Onecml  olantdched  Ur'tn^  u  liutaicd  (oaneof  <bc  pninipof  aiilitmiiaf;  lunine 
fotk  ;  (ompate  (he  riliraiKiii^  cirii^  iii  the  siring  vhen  llie  prong  it  movinc 
pandlel  to  llie  •tiln);  with  thou  cscited  when  the  pmr^  li  mining  IraasverKly. 
S.A  A.  D.  (A.)  1900. 

9.  Duciibc  wnie  form  uf  appanliu  for  shoning  the  combinaLion  of  tm  itcljlinau 
[implc  hnrmonlc  rilmilnnii  taking  place  at  right  angtei  to  each  otbn.  If  one 
Tibrxtion  be  the  octave  of  the  other,  inoe  the  (ana  of  the  rcHilunt  ciun 
aSc  18S9. 

10.  Give  B  ^nnal  uxpTanali'on  r>{  the  n'xlHl  lines  produced  im  a  vqnait  [dale  wben  id 
in  vit.r.iikii).     S.  &  A.  D.  (.V)  1893. 

11.  The  tup  of  an  open  orEan  pipe  i*  suddenly  cloKd.  What  effect  ii  produced  on 
Ihe  pilch  nnd  chaiacler  of  liie  note?  If  ihe  vibnilion  &wjuuicipi  of  ihc  patllali 
next  nluvc  the  fundamental  nutei  in  the  liro  otes  teipMlivcly  differ  by  it/&,  whii 
wu  the  pitch  of  \\k  oiH'ci  pipe?    S.  tc.  A.  I>.  (A.)  1S95.  Am.  jii. 

12.  An  open  urj^nn  pipe  piudiirH  8  tiotts  pet  KTiind  when  toundnt  wllli  a  tuning 
fork  of  15')  tihriliiiiiH  |ir[  MK»iid.  ihe  furk  giiiiij;  itie  lower  mile.  How  iinieh 
muit  the  length  of  Ihe  pipe  be  aliEred  to  bring  It  Into  aocoid  with  Ihc  fbrV  ?  Talc 
the  velocity  of  sound  an  I  ico  feet  per  second.    5.  ft.  A.  D.  I  A.)  iStf^. 

Ant.   Lrnctheneil  a.f%%  Inch. 

13.  Fiplain  Ihe  effect  of  eluinfiMof  temperature  on  Ihe  note  of  a  melalllc  orgnn  pipe, 
rrove  that  if  a  lolid  eoiitd  be  (ound  such  that  the  note  given  by  a  pipe  fornwd  ti 
il  was  the  tame  at  all  temperatures,  the  cnefliciFnl  of  cutneal  expansion  of  the 
M>1!d  would  he  about  on*  Mid  a  half  time*  grcaier  than  Ihai  of  »  gaiL  S.  &  A.  D. 
(A.)  1S93. 

CHAPTERS  VI    AKi)   VII 


t.  (^V0  X  (cmnl  dcKTiption  of  Ihe  condiiiotu  which  han  to  be  fulfilled  that  the 
TRndom  oTr  oolunm  oTgaa  may  be  raidntained  by  a  periodic  supply  of  heaL 

I.  Give  iiiii»nfi.i  uf  fiec  and  forced  iMcUlal ions  and  explain  the  principal  phcnomemi 
of  roonanoe.    .S.  &  A.  \i.  (A.)  I<)0a 

S.  Give  tome  raplanation  of  tnonancc.  One  tuning  fork  ii  placed  near  a  retonMcc, 
which  n*pand*  Xo  it.  A  locnnil  tImiUr  fork  \i  placed  at  a  ditiance,  and  Ihe  two 
■te  bowed  «qiiBlIy.  What  dillbrnioe  will  there  be  in  the  rate  at  which  the  vitn- 
l!nn«  de^iay,  and  why  is  there  ihh  dlfterenec  ?    S.  \  A.  D.  t A-]  1S93. 

4.  How  wrnilil  yoii  prove  rtpcriiiirnlnlly  Ihnl  the  Vrlorily  of  sonnd  in  hydrogen  gu 
wai  about  four  tirnca  as  grcAt  ai  in  aif  ^    iMim.  Sd>  l£9l. 


^ 


QuestioKS  and  ExampUt 


Int. 


7. 


DUfrilw  Miliii  III!  'till  1  iif  iiimiiiini:  itir  rflnrJTj  nf  iiiiiiiit  in  a  tnlnf  gtus, 

Explain  the  prodiKtion  of  b*au  by  Iha  inrctftrcnce  of  Iwo  nolei.  nnd  how  two 
notes,  tbcDuolvn  iraudihlr,  nuy  produce  an  tudlblo  nult.     B.Sc.  tS^t. 
What  Unw«n(  kroTenonet?   Wlwl  ii  their  imponanceinihir  Ihcuij-ofconcordt? 
S.  &  A.  U.  [A.)  ■9aa 

8.  Having  clTen  thnt  the  cube  rot  of  l  a  1.16,  find  how  nianr  bealx  per  »euiicl 
tbcM  would  Ije  U'Lwceii  the  twu  note*  «hkli  rrpirseiil  the  major  third  nlmvc  the 
C  ol  ai6  vihmlona  per  tecoDd  (i)  on  the  natural,  (i)  on  (he  Ktually  icmpctcd 
»«le.     S.  *  A.  D.  (A.)  iByS-  Ant.  2.56. 

9.  DiiccB  the  reUtioni  beiuven  the  ft«|uenciei  of  two  nolei  which  oiuc  iheni  lu  be 
diMOtib&l  when  Bounled  tiniullaiiemut)'.    S.  &  A.  D.  (A.)  iS^M- 

UL  Espbin  Ihcoindiiionsutiilcr  which  itilference  and  lumnuiiiun  tonnaie  luoduccd. 

S.  ft  A.  D.  (A.)  189& 
IL  l>eGae  a  Towel-Mund.     Dnoibe  the  apparaTui  used  by  Hdmbolti  lo  ini[|ale  ilie 

vuTotu  vowdi.    S.  ft  A.  IX  (A.)  1R9& 
IX.   KipUiii  why  iho  <|ualiiiea  of  the  nom  produced  by  open  and  rtiitrd  organ  p'pei 

reipccllvcly  ate  liiflerent.    S.  &:  A.  D.  <A.|  1897. 
IS.  Vr~hy  ure  the  octave  nnd  the  twelAh  abaolulely  perfect  oonsonMioe*?    Explain  ahy 

(be  fifth  ■•  Ira  firirccl  ilian  ihcyarc    S.  &  A.  D.  (A)  1897, 
14.  What  I*  a  cnmpound  niiuleiil  lone?    DMcribc  a  nicthud  (•(  detrrniiuine  the  ma- 

aiiiient  nntei  nf  which  it  tuampcaed.    S.  ft  A.  D.  (A.)  1S97. 
t&  Wriica  ih'irl  cuay  on  bumonkaand  thweltccl  on  ihctjuality  oftotUMl 


BOOK     IV 


CHAPTER    I 


Cirati  the  taw  of  retlrction.  piovc  thai  the  iniaj^  of  an  olijtct  in  a  phne  roiRor  b 
oa  the  pcTpcndinilar  to  the  mirror  and  m  Cu  behind  a*  the  olijrtt  b  !a  liml. 
S.  ft  A-  U.  (A.)  1891. 

UeKii1«  a  tcalani,  and  explain  haw  ii  enablei  one  lo  mranire  the  ancle  tufa- 
iciulcd  at  the  otacrrei'i  eye.  by  iwo  objects.     Il.Se.  1S99. 

Two  nitron  ore  plai:«<l  iMtallel  lo  one  anuther  al  t^podM  cnda  of  a  ttma  Cs* 
idaio.  with  a  ilia|:Ruu,  ilie  (oriimtiini  of  Ihc  lung  leria  of  imagea  of  as  oh^r<l 
betumn  them  keen  on  lookint;  into  either  n^rrur.  I^lini.  Soi.  18S9L 
Slate  ihc  lawi  »f  leflecilim  d  light,  am)  exphdn  ailh  the  aid  of  a  iS>c<*>"  '"■' 
C>nnalioao(iinaf:ri  hyrjincavcmirrorv  An»1>jrcl  a  placed  18  cm.  from  a  concave 
mirrvr  whose  focal  kn^lh  11  jo  L-m.,  tind  where  the  imi|;r  h.  I*  il  iralor  vlftual? 
And  what  b  It*  tin  K  the  object  be  4.1  mm.  hiiMtl  >•)'  14  mm.  long?  Im.  ScL 
1S91.  Ani.  I5.jcm.  from  mirror;  rm]  1  >.  j  mm.  bioad,  7.7  mm,  lung. 

IJ|>Ih  dtvcrglne  ftom  the  facui  of  a  hemispherical  retlMlor  ii  leflecied  from  the 
(urfaoe.  Give  a  diacnni  expUlmng  the  cra|riitc  construeiion  for  lindini:  ihe  irwe 
(arm  of  ihe  wafe  (rant  aftt*  tefleclioa  at  Ihc  monicni  wb«n  li  (a  paaing  (hroB|h 
ibe  c«Biti«  of  Ihc  ipharf.    Ji.  *  A.  U.  (A.)  1890. 
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Questioiu  and  Examples 


6.  Vttm  ituU  when  light  bib  diteclljr  on  a  oonovc  tfiherlail  mirror  of  mdius  r.  from  « 
piHDt  al  >  distance  <■  from  lh«  mitrot.  I]icn  >n  inuicc  it  fanned  at  a  dlAMiw  r  whei« 

'      S.  S;  A.  a  (A.)  1892. 

7.  WhM  ii  meant  by  a  CMMie  euirc  7  A  lumlnoiu  point  b  mcnvd  bran  a  diMance 
*Joni  ihe  iu]i  of  a  concave  mirmr  lowurdii  ihc  minoi.  Indicate  ihc  putilion  nf 
llw  goinivtrint  fbdia,  and  Uk  form  of  lh«  caiutk  lb(vui<nMpoaii<iiu<if  the  pcdcl. 
a  A  A.  I>.  <A.)  1897. 


CHAPTER    II 

"Dnw  ihe  pltht  of*  minilm  ofxnft.  proceeding  (rum  any  onp  point  of  n  hntuanw 
0b}tCl  umlcr  inlcr,  and  IndicKle  the  H)i|Btcnl  |)>nili.int  of  \'ntr<  iJUtirKt  poinli  of 
Inc  object  to  an  rye  nb<n-e  Ihc  u-nier,  S.  &  A.  D,  (A.)  iS<|i. 
X.  I'ruTc  ibil  when  It^ht  frum  a  MiiuU  tDBroe  is  directly  rcfmcied  kI  a  plane  nirfacc 
the  raiiixidlicditUuices  of  Uie  !nia^e  unct  the  lUjccI  Irtim  (In  miAinr  isconUuiL 
S.  &  .\.  D.  I.V.}  1899. 

3.  Put,  lutninous  point  in  air  ami  Q  a  point  in  a  medium  whote  rtfractiTc  Index  » 
|i ;  itie  tur&fc  hcpanuing  lliik  iiicdiiiin  f:um  IIil-  air  twiiig  ptane-  Show  t^iat  ibt 
paili  taken  by  liuht  in  paujng  from  /*lo  ()  witl  be  hurIi  at  t»  make  tbe  lime  of 
paungc  ftuin  /*  to  ^  as  imoll  an  ponnfalc.     Int.  Sd.  [II.]  1893. 

4.  Yuu  ve  Riren  a  drawing  board.  (Bpn,  and  clmwinK  malcrUli,  alio  wme  pin*  and 
a  [cclangulat  block  of  glan  utilh  polished  foeci.  How  would  you  proceed  la 
veri^  the  law  of  trfmctio-i  and  lo  dvlcnnioe  ihc  rcfmcliTc  index  of  the  ^w} 
S.&  A.  D.  (A.)i896l 

0.  Ol^itain  the  rclitlxn  bclo'ecn  the  critical  angle  and  the  refiaeliTe  tndei  of  a 
nulnunce.  CalcuUlc  the  loweit  refractive  index  lot  the  ^asa  of  a  right -angled 
prism  tuod  as  a  rellectui  lo  turn  a  ray  of  Ii|;lit  through  90°  [sin.  45*=>707]. 

Ant.   1.414. 

6.  Taking  the  rcfiacIiTc  index  from  air  In  glnu  ai  ( ;  draw  an  accumic  facime  of 
the  path  of  a  rsy  of  manocbtotnDtic  lighl.  uhich  lalUat  an  incidence  of  60*  on  the 
fnce  uf  a  piiim.  wboie  tertiol  angle  is  30*.     S.  &  A.  I).  (A.)  189^ 

T.  A  rsy  i>f  lij^hl  n  Ttfnicied  rliniuijb  a  piii^m  In  a  plane  perpendicular  lu  iu  edgeii 
I'lovc  that  if  the  angli^  ol  incidence  h>  coniilant,  the  deriation  increases  wiib 
the  nnelc  of  the  prism.  Whnl  ii  the  limiting  angle  of  the  prinn,  >ucb  thai 
the  incident  ray  does  not  emetic  when  it  nireU  Ibc  accond  &ce  ef  the  ptnm? 
S.  A  A.  D,  (A.)  1895. 

Am.  The  l)e«i  way  of  aolvjni;  ihtt  qucillcui  11  grajililatlly  b}'  mean*  of  the 
oanitniclian  ihown  in  Fig.  303.  Let  uah,  figure  565,  icproent  the  priun 
of  which  the  rcfmciivc  inden  i*  ju.  With  ocniie  o  and  radii  unity  and  n 
TCEpeetively  deficiil<r  iwo  cliclra.  !.«■  tico  be  the  IncUrtii  rny  culling  ihe  loner 
ciiele  at  C  From  c  draw  ck  perpendicular  la  A(i,  culling  tlie  oulei  circle  at  K. 
Join  BO  anil  produce  to  k.  Then  i^K  ii  Ihe  rcfnuied  »ay  within  ihc  piiim.  foim 
R  dnnw  xnr  peipendictiUr  lo  OB,  cutting  ilie  inner  dtdc  ol  a,  and  jcin  o<j.  Then 
OCfc'  ii  the  ilircction  of  the  lay  when  it  leares  the  priun.  Xow  svppotc  ibit  ibe 
face  AU  of  the  priim  is  kept  filed  and  nlso  the  incident  my  IKV  while  the  nngle  of 
the  vriun,  aub,  ii  InOcatcd.     The  rctull  ia  that  the  point  K  ivniaina  find,  taS 
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thai  Ihc  rn-nxiiilitiiliit  %y.V  dinngn,  li  it  cvidi'iil  lh«l  lU  llic  snple  AOB  inrrtatci 
(lie  |«>int  wheic  ihr  i^rpcniliciilju  bo*  cuis  the  inner  dicic  appraMCfati  ihe  (Kiiiit 
)l,  and  hence  the  dcvinlcd  iiiy  op- 
proocho  Ihc  <liicclion  uk',  thut  is, 
the  ilkTintlon  incRMMb  Also  it  Is 
cvidenllhalufheillhebocHO  reuhM 
ilie  posiiion  uh*,  which  Ji  nich  that 
it  cut!  tli«  iniiec  ciiclc  at  a  point 
11  Ml  ttiMl  Rll  \k  ».  langcnt,  lliu  ilc- 
vkucd  in;  ciuci|>ct  pitrallcl  10  ihe 
MMbce  of  the  piiiDi.  If  the  uigle 
ol  the  prism  ii  inL'rcaxd  beyond 
ihi*  ihc  my  will  iml  emerge,  liiil 
be  intenmll)'  leflccleii.  Tliit  con- 
diiion  will  W  indicated  in  the  con- 
ttniction  bf  the  (act  thai  Ihe  line 
(Iraan  ihiniii^h  K  |K'i|it-Ti(li(-iiI:u  lu 
the  priun  face  no  luni^i  <utk  the 
inner  dicle,  and  10  the  coruiniciiDa 
brcska  down. 

A  raf  of  lioniaf;encati»  li^lit  !*  in- 
cident «t  an  juiijle  ^  on  1  jiii^m  of  angle  /  »nd  ihc  devjatlcm  D  b  oUvrvK). 
['rove  ihil  f,  thcanijleof  cmcij^ncv,  nmy  lie  fijond  fiain  the  tomiula  ^  =  0  +  i-^, 
S.&  A  1>.  (A.)i)i^- 


Fia.sfr5. 


CHAI'TER  III 


1,  ijghi  from  a  imall  luminou*  oljject  travcria  a  couv«  lens  dijeclly,  and  after 
rillccliiin  at  n  jiliuii.'  iiiirxir  n^wu  [kuma  lh[ou(;h  the  lent  and  furmi  an  unaGc 
cinnddcnl  with  the  ohjei;!.  Show  that  the  immje  formed  niay  be  dthct  cieci  01 
invcilcil,  Hnd  liace  Ihc  \xx\)n  of  llii:  layii  in  the  two  ohm.     &.  it  \.  H.  |A)  1S99. 

2.  Show  that  ihc  l«u[  di.-^taiR-i;  between  an  ubjecl  and  ils  intake  funned  by  a  coinwi 
tccii  it  njiixl  I"  f>iur  liiiio  llic  i-K»\  length  of  the  lent.     S.  &  A.  D.  (A.)  18901 

S.  A  pair  nf  thin  tentes  of  local  len^thi  /'  atuJ  /"  arc  moLtoted  ixi».ially  al  a  di*< 
lance  t  apolL  Find  a  luriiiula  fui  tlio  C(|tiivalent  focal  'enElh  Fui  ihu  oomliitlft- 
lion,  auumiiie  (h»t  I  it  loa  than  the  focal  length  uf  dthet  lens.  S.  k  A.  \).  (A.) 
i89a 

4.  Give  an  account  of  how  the  ej*  adapts  itKlf  to  vision  al  dill>:rc3il  dixsnoea^  Dimw 
a  KCtion  of  tlie  eye,  Ubell(n£  itA  pincipal  puts.     B.Sc.  1891. 

5.  Stole  the  laws  of  refiaiciion  of  li|^l,  and  bow  to  Rnd  ihe  appartnl  poailion  of  U 
o^oct  iir>der  rntei  to  an  eye  outiide.  A  muill  object  I*  ■nelmrd  in  a  tpheie  of 
aiilld  i;Uiia  of  7  cm.  radius.  It  is  niuated  I  cm.  ftom  the  centre,  and  a  viewed 
fnaa  Ihe  aide  to  wliich  it  it  nearest.  \Vhc>e  will  ii  appear  10  he  if  the  rcliactive 
indei  of  ihe  i^au  lie  l^  1  (Small  uikIcx  may  l«'  taken  as  pfopoctional  to  thdl 
aioes.)    Int.  Sc.  i!>0>- 

Ani.  Ii  aill  appear  U  cm.  neater   Um  nu&cc  than   ll   really   ta.      If  in 
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Kigutr  {66  o  ii  the  crali*  of  (tic  itpbna,  P  thr  object,  <i  tt>c  li— gr,  uul  i-ak 
IL  ny  Itatiiig  tliK  iibjca  and  rcrnetcd  at  A ;   then  if  ilic  angle  Kam  m  OAi}  b 


railed  a,  and  llic  angtc  oai-  ^  wc  have  a  = 


lis  ^ 


Now  the  am  of  the  lTian);1( 


0  P 


o*Q  is  ciuul  to  half  the  product  of  da  Into 
i)mt  pcrpradicukr  dUlanoe  of  q  ftoni  oa. 
Hccicc  iIk  ana  of  the  lrian|[)e  out  b  \  OX. 
A^  Mit  OAQ.  In  ihcjanwjntf  th«  area  of 
ihc  liiannlc  0*l'  is  |  oa  .  Al"  un  OAP,  Ko" 
the  lueas  of  itie  ItUngIn  OK<j  aad  OAr  arc 
to  one  anolhcr  ax  oq  la  lo  or,  «ncc  ibef 
have  a  cuniinun  veitel  at  A,  /.(.  ihcil  bdgbt* 
AK  equal.    Hence 

Bc«A  of  OAQ  _  OQ  _  AQ  tin  ■  ^        AQ 
AIM  0*  AOP      ™       AT  Kin/f  'a? 

'  *^'  Bui  if  a  is  taken  ntar  b— thai  it,  if  wc  deal 

Willi  a  tr.iall  (lenril  of  rayi  neat  n— llie  ratio  of  a^  to  Ar  is  Tcty  neatly  the  aain« 
u  the  ratio  ol  QB  to  ri.    Hence 

OP  FB 

e,  II  the  fefroclivc  index  from  air  tu  (-Ian  is  |,  and  llial  from  alt  to  walcf  b  },  find 
the  nlici  of  the  focal  Icngthi  of  a  eloNa  lens  In  water  and  in  air,  S.  &  A.  D.  (A. ) 
1896.  Aa<.  4. 

7.  A  limple  aiUunomiciil  telocopc  at  known  in]ii:iiifyini;  power  ai  ii  ibciuMd  on  a 
rety  tlislimt  objett,  und  the  dirtnncc  l*-lwi:cn  the  Iqiks  ii  loiind  to  be  n  cm.  On 
turnin)*  it  lo  a  nearer  utijcet  the  eyc-lcni  hoi  la  be  ntcknl  out  a  diitancie  4  on. 
Obtain  hciiec  an  n|n<»lun  fur  Ihc  diilance  of  the  cibjc<-i.     S.  &  A.  D.  (A.)  1899 


^n  +  x)\m  *  I         I 


8,  You  nte  given  two  eonvcie  lenseiof  13  inches  and  t  inch  Ibcal  Icni^h  inptdivcly. 
Kiplnin  how  to  arrange  Ibem  lo  form  a  tclcKopc,  Draw  a  diagram  Khuvini;  itie 
piMOKC  (if  a  pencil  of  tiiyi>  frinn  a  didtanl  [iiiii]t  lhtniif;h  Ihc  instruincM,  and 
catculalc  its  mngnifjfini;  power  when  viewlni;  a  diiUnt  obgect.  S,  A  A.  D.  (A.) 
1897.  At!.  Mignrfyinf  power  =  sj. 

9.  KxpUin  Ihc  principle  of  the  opcia'glas),  drawing  carefully  the  couno  of  rayn  froai 
n  atur  llirini];1i  il.  and  into  nn  eye.     $.  jt  A  t).  (A)  iKqi. 

10.  lui|>lain  the  princigile  "l  the  coniponnd  microaCDpe,  wilh  llio  aid  of  a  dia);nin. 
From  what  daiii  and  how  wuuld  yon  cakuTate  in  nu^iiifyin);  power?  S.  &  A.  D> 
(A.)  1890. 

U,  A  convex  and  a  caneai«  lens  each  to  inches  in  focal  Icnsih  arc  held  coaxiallf  at  a 
diUance  of  3  inches  apart  t  find  the  pontion  of  the  imnge  if  iht  object  is  at  a  dis- 
tance of  15  Inchoa  beyond  (o)  Ihc  convei,  {!•']  the  concare  leiu,  S.  &  A,  I>.  (A.) 
1898. 

i4m.  (a)  a.  I  inchca  neorct  tlw  leiuea  than  the  object  t  C}  7'  incho  oc  the 
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udc  of  the  r*)cei  tciRul*  brim  the  teases.  ThU  ()iiat(cRi  on  be  M  onw  h^<«I 
l^ui  applioilion  uf  the  fiiimiili  (Mtiof<J  in  }  3^:  it  U,  hnwocr,  inMruclive 
lo  iiotvc  ihi:  (|ucMioQ  1^  eoi»ttui;ii(iii.  luinj;  iliu  niclhixl  given  in  )  319,  The 
annexed  figure  sivv*  tiuch  >  [[rametiical  sululion  Ua  the  cue  wIkd  the  o 


Pig.  SfiT. 

iTiik  ih  noim  ibe  ol^ect  rt^  In  thu  (igufc  a  U  the  convex  tent,  uid  /i./'i  nrr  Ut 
jitiutfptl  fxci,  while  u  it  llic  coiMive  Icni,  «>d  /%  11  in  |ii>iici|iHl  lucut.  Vint 
(oppoM  b  icmavod,  ihen  an  inuiBe  f'Q'  w  liMind  iij-  dnwin^  the  lino  i-d^i' 
and  r«vK.  Now  luppuHi  the  ten*  B  pluecd  In  pmilioa,  the  ra]n  l'ii#  ixiid 
FOf  an  now  rtfnu-lciJ  M  i  and  t  reipeclively.  To  lind  (he  Inui|;c  ni>w  *« 
rei|irirc  to  lind  the  difections  of  uijr  Iwo  tap  whid)  loive  Kone  one  point  of  the 
object  and  pau  thraiii;h  the  ihu  lenscB.  In  uRlct  lo  ptevcnt  oonfniion,  let  u» 
comudcr  t«fu  njr*  leaving  iho  poiiil  q.  Wc  liavo  to  chuuw  these  nji  luch  that 
ODO  {BMca  thiMifih  the  centre  u*  of  the  lent  a,  and  the  oilier  ilrikes  the  Itiu  b 
parallel  to  the  aiii.  If  we  draw  the  line  K^vfg,  the  put  o'g  will  ie|>tcun(  itic 
|iatii  «(  the  toy  itg  ifiei  it  hu  paKcd  IhtouKb  a  and  before  it  ntA»  a.  Since 
lh«  tay  pane*  Ihruugb  o',  it  U  unrcfraded  by  iti  pusage  throU|^  K,  and  Qft/KV 
tcpretcnu  (he  couna  of  IhU  ray  through  the  oomhination.  Ncit,  a  ray  o/'pt, 
which  paue*  thnmgh  the  principal  Tucus  f,  of  iha  l«u  a,  will  uriVe  llin  Icni  a  In 
a  (Uiecllon  pnnllel  lo  the  ani  of  leoi  n,  and  liencc  In  diic^ioTi  ^r^  &nei  ielnc> 
tiun  will,  if  pRidured  hackw»idt,  paai  through  the  jiirinclpal  fbciw  jt  oJ  B.  Tb«, 
tt/,'Jt»i/  tcpcsenis  the  path  of  a  mcocwI  ray  leavlBi;  q  and  paidne  tlMDOt^  Ibe 
conhlnallijii.  If  we  produce  k'^'  and  tu/t  hackwtrdis  their  poim  of  intenectioa 
q"  will  lie  the  inuge  of  q  Ibmied  hy  the  oomUnalion.  A  liiniUr  conWructlon  caa 
be  laade  in  the  cute  whti«  the  coikoavc  lent  b  neare*  the  ohfcct 
Ejqilain  (withiwl  proving  the  ni'ii  iiiaiy  fctmukl  how  to  um  •  p)afc«n««ler  to  de> 
tenninelhe  anjlc  and  the  trfncilvebiftesalBglHa  print.     S.  &  A.  I>-<.V-)  >fi99. 


p 
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18.  Gi'^cn  a  prinn  of  ■  wlBlantt  of  knovn  index  of  lefiaetioM,  itiow  bow  to  cdcnlue 
llio  ilcTuli'ni  produotd  liy  il  tmdct  axrj  ipvco  ccrcunuiiuiiws.  ciptcUlly  whm  lh> 
n;  guv*  ilirouf^  ihepriiin  (fmiiMlricall)'.  Uim)  that  (Iw  aii|-)e  of  ■  pum  U60', 
utd  that  Iba  Dikiimuia  (ieriuiaa  ii  produen  with  >od>ain  li}^  b  30*,  wbot  i> 
■he  index  of  lefraction  of  iu  fuUttnce  lor  IbU  hind  of  li^i^  [uo  ^'^-.'^\ 
S.  4:  A.  D.  (A.)  1S91.  Alts,  1.414. 

li,  Dciciibe  and  eijil>in  Iho  niclliii^  of  finding  ibr  tliEcluici*  and  rclniciK-e  index  of 
gi  ihjn  pUte  of  glou  tiy  mcaiu  of  (ho  aikiMcnpe.  I'roi'c  tttc  fotmuU  you  uic. 
iN  A  A.  1>.  (A.)  1895. 

15.  Shcji*  hiiw  to  me  the  phenomenon  ct  loul  iiiltmi]  relleidon,  in  a  pncUcml 
muincT,  tn  ineaiuio  the  tcfnciLve  induxofa  ii<)uiil.     &  &  A.  IX  (A.)  1S96. 

16.  Why  iloci  0,  tlioct-sichlcd  pcrum  ui.e  a  coiicivc  Icim  ?  TW  fiical  length  of  Mich  a 
1r»  is  6  inches,  and  a  imall  utjcct  ii  placed  iS  inchct  ^m  the  Icm ;  draw  > 
lii;i»c  *)ii>wittg  ihe  path  of  the  m^  by  which  ihe  imic«  is  (biined,  and  dctennine 
ils  podlinn.     I'lclim.  t^cL  189a     An>.  4.5  in.  from  Icn^  un  tanic  aide  lU  (ihjrtt. 

17.  Eipluin  the  action  of  a  Iciu  when  mcd  a*  an  ejT|;lA*s-     A  nmn  who  oin  *re  meat 
dislinctly  al  a  diiloncc  of  5  ia.  from  hit  eye  wiiho  to  tend  a  notice  at  a  diuance      _ 
of  15  It.  off.     Whit  sort  of  apoclBCloa  must  be  uic,  and  what  miiM  t«  tbdt  fixal      I 
length}    Int.  Sd.  1SS9.  Ah».  A  concave  leni  of  5f  in.  fcKal  Itn^lh.  ^ 

U.  The  objecl  gLia  and  the  eye  Icru  of  a  cmnpaund  tnicnwcope  ate  Sich  4  inch  in 
focal  length,  and  the  diiiance  bciweai  them  is  9  incheib  Dmw  a  catdul  <h«CTam 
•howinfi  the  pasnge  of  a  peninl  of  rays  through  ihs  iiulrument,  and  oJcnlalt 
where  the  object  niiu:  be  to  pvc  i&tioct  vi»lun  lo  a  penon  with  normal  cynlglM. 
S.  \  A.  D,  (A.)  1S9S. 

Am.  If  the  micnnoope  i)  to  fccusaed  that  patallel  ny*  enter  the  eye,  tlx 
object  miMt  be  If  Id.  from  thu  objcelire.  If  the  image  is  IbnDed  at  tbe  diMance 
eddiidnuntlanfioln.),  the  answer  ii  if}  In. 

CHAPTER  IV 

I,  What  it  inuinl  liy  the  candle  ■[■"•«t  of  a  gi»  Same,  and  what  cxptrinmts  nrauld 
you  ma-liL-  to  dclctminc  11 1     rielim.  Sd.  J890. 

Whet  do  you  understand  l)y  the  intcniiiy  of  ilhiminalioo  at  n  point,  and  bow 
would  yuu  show  llmt  the  inteu^ty  of  illuinioaiion  at  a  point,  <lua  to  a  given 
•uuiix,  It  liivn»ely  pio[K>(tiuiut  to  the  aquaic  of  (ha  di«laace  of  the  point  (rnm 
Ihe  viiHOc?    Inl.  Scl.  1SS9, 

In  a  Kuinfiid's  photometer  the  two  lighu  to  be  cumpired  hnvc  to  be  placed  M 
100  cm.  .iiid  41  cm.  feipcelively  from  the  rod  in  order  to  secure  nfuiiiiiy  in  the 
daikntat  nf  Ihe  ihadow^  T)ie  diManw  between  the  rod  and  the  sueen  bring 
S  cm.,  find  the  roblivc  illuiiiinaling  powen  of  the  two  llghu.        Ant,  4.67 :  t. 


CHAPTER   V 


L  DcKnbe  and  explain  the  method  of  detmnining  the  velodty  of  light  from  obaer 

tatloiM  on  Jupiier'i,  <.aie11ii».    S.  &  A.  D.  (X)  iSi};. 
Z  DcKiibe  the  revolving  minor  method  of  finding  llie  veloeily  of  lighL     Calcutote 


1 
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the  velocity  of  light,  being  given  that  the  displacement  lA  the  slit  in  a  certain 
expeiiment  was  22  metres,  the  distance  between  the  mirrors  605  metres,  the  dis- 
tance of  the  observing  telescope  from  the  revolving  minor  17  piettet,  and  the 
frequency  of  rotation  256  per  serond.     Int.  ScL  (H.)  1889. 

Am,  The  principle  involved  in  the  rotating  mirror  tnelhod  of  measuring  the 
velocity  of  l^t  can  be  illustrated  if  we  suppose  the  lens  A  (Fig.  336)  placed 
between  the  rotating  mirror  and  the  Gied  minor  as  in  the  annexed  figure.  If  the 
mirror  b  is  at  rest,  the  image  will  be  fbmted  at  or  vertically  above  the  slit.  Sup- 
pose that  when  the  minor  makes  N  rotations  per  second,  the  image  is  deflated 
through  a  distance  a  to  the  position  d'.  Then  if  the  distance  Be  is  called  I,  and 
the  distance  bs  or  bi/  is  called  r,  we  have  that  the  velocity  of  light  is  given  by 

a 
The  proof  of  this  fbnnula  is  left  as  an  exercise  to  the  reader. 
cx 


& 


Fig.  568. 

Although  the  above  arrangement  is  very  simple  from  the  point  of  view  of 
exposition,  ii  is  not  practically  a  good  one  ;  the  reason  being  that  the  light  from 
the  slit  s  spreads  out  in  all  directions,  and  only  a  very  smalt  proportion  lalls  un 
the  minor  B.  In  the  anangement  shown  in  Kig.  336,  however,  the  lens  a  acts  u 
a  collimator,  so  that  the  rays  after  loving  it  arc  parallel,  and  hence  the  whole  of 
the  rays  &11  on  B. 

In  the  question  above,  the  data  are  not  suflicient  10  calculate  y  suppiiung  the 
practical  arrangement  were  employed,  and  hence  we  mibl  suppose  that  the  num- 
bers given  refer  to  the  anangement  just  described.  Sulbtiluling  the  values  of  the 
distances  given  in  the  question,  the  velocity  of  ti|;hl  cimics  out  as  3.ootiK  icf 
metres  per  second. 

Describe  Fiieau's  mcthoil  of  measuring  the  vt-lnri-.y  rrf  light.      Il'.w  would  ihc 
appearances  seen  during  the  experiment  l-e  changed  if  light  of  'liffe/ent  colours 
travelled  through  aii  with  diffcienl  vcl'jciiics?     fi.  S:  A.  I).  (.\.)  i^i*- 
Explain  the  refraction  of  light  in  the  wave  ihe-.ry.  dnluring  the  law,  sikI  Uiow 
how  total  reflection  may  occur.      Inl    Sri   (11)1891. 
Apply  the  undulaloty  theory  to  determine  the  path  of  a  ray  of  light  thiuu^  a 
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pittio,  and  ibow  Cvon  yout  coostniclioa  (hat  ihe  dcvutioa  b  \xaA  arbes  ibe 
•ni^  of  uiciil«nc«  uk]  «nacanc«  mre  ti|«d.  S.  Jk  A-  IX  (A- )  rSQlL 
A  nOw*r  Inin  i»  ln*«Uiq(  M  iSo  mUn  m  hour  wlicn  a  tillc  l»llc<  (itnl  i*  « 
dieecilon  >1  tight  an^lci  lo  ihe  line  pauet  lluomth  one  of  ibe  camaccL  Tbc 
hole  mode  in  the  •rindov  by  which  Ihc  b«llM  eiucn  is  iwc  imck  newct  ibe 
cni;la<  ihoa  Ihal  In  tbc  windoir  un  Uw  oppinilc  liilc  If  tbc  daluioc  bttwcca 
the  wfakdifn  !•  lo  fed,  £ad  the  *peed  oltbe  bnlkt  Am.  lo^S^  It/tec. 


CHAITER  VI 

L  DeCne  "duf)cmve  powet."  Explun  how  to  comlsne  primu  so  a*  to  [mxlucc 
|rt>  drriotioo  wilboul  dUperoon  i  (<()  dUpcnion  without  denuico  of  ■  gjvvn  tay. 
Im.  Sa  1891. 

3.  A  primi  of  one  kind  of  gkM  (A)  deviaiei  ■  nxl  txf  lo*,  anil  ■  blue  tmy  16*,  while 
another  piiini  (of  £lus  B)  deriWB  lli«  red  ray  ti*  and  the  bloc  lay  iS* ;  which 
glaaa  liat  the  (^mcr  diupcnivc  power  7    Prelim.  Sd.  189].  Am.  A. 

%.  DcKrlbe  the  cuiKiituction  of  a  direel  vIhkhi  sptdrowoin,  aiul  draw  a  Kctkm  of 
B  (\vK  piiim  syMcm  ooiuiiting  of  crown  and  llini  elati,  asuunlng  ilutt  ilicdiipnu** 
powcn  are  tii  ihc  ptoparlitin  of  1  lu  3.  and  the  tefnictit«  iedicci  3/3  and  s/3 
iapc«tively,  w  that  the  ounibtnaliun  miiy  li«  ciiuivalent  b  dispcrsTe  powet  to  a 
tungle  60'  primn  uf  flint  Ebia     S.  &  A.  D.  (A.)  l890> 

Am.  'Phe  tuiii  <]f  ihc  rcfncilngangletaf  (be  crown  priamt  inuat  b«  I40*,  and 
af  ihe  flinl  priuiM  Itkj*. 

^  A  hisoA  of  nmligh:  11  cunverc^  by  a  large  douUe  convex  simple  glaM  lem,  and 
a  piper  Krcen  la  held  in  Ihe  oine  of  rayt.  Desciibii  and  eiidain  the  a^tearaooe 
of  colour  no  tb«  tcrrciiandihcchanKeaaiiheKrcenlt  ptoccdsldiTnent  ditlaacci 
from  the  Icnx.     rnltm.  Sd.  iSgi. 

b.  A  thb  convex  lent  of  croan  gbua  and  ■  lUn  cancare  leni  of  fiint  gbus  fotm  im 
achromatic  cumlrination  when  pland  in  ooiiuct.  A  beam  ufwliile  light  which  ii 
In  «iich  caM  paiallcl  to  the  axU  bJU  in  different  cxixilnienlx  (1 )  upon  th«  ixkitci 
Icni  alone,  (1)  upon  Ihe  concave  lens  alone,  (3)  upon  both  lemcs  In  coniacL 
Draw  diaBfami  indicaiing  Ihe  paths  of  the  blue  and  r«d  constilueoti  of  the  while 
lif^t  la  each  ca>e.     S.  \*  A.  1>.  (A.|  1891; 

8,  A  conrex  lenn  of  local  lenph  40  cm.  U  placed  in  cemUet  wilh  h  concave  lou  of 
fbail  length  66  cm.  Trace  the  palh  of  u  pencO  nf  ray*  through  the  eoinblnatlcm 
from  an  object  ul  a  diiumcc  of  304  cm,,  and  vUle  for  what  purpose  luch  a  com- 
Unaljun  it  uhhL    S.  &  A.  D.  (A.)  1897. 

7.  Uow  may  a  coloiirlom  inio^  of  an  ohjeci  b«  ohtalneil  l>y  mean*  uf  a  eomUnatlott 
of  lenmf  Given  two  suUtaiicei  of  refnctlve  indicoL  1.5  and  1.7,  of  diipeidic 
l^nvcn  in  Ihc  ratio  of  3  to  4,  what  *hoald  he  the  fiKsl  length)  of  each  simple  leoa 
in  an  ncbromatic  camblnollon  at  %  foci  K.-icli)>?    ,S.  &  A.  D.  (A.)  lS9Ck 

Am.  Suppose  thai  the  fural  Irot^h  of  the  convex  Icnx  fiir  yellow  light  is/,  and 
thai  of  the  concave  Icni  it/*,  Auther,  let  /ii,,  m»  nnd  vu  be  lh«  rcfraclivc  lodex  ef 
ihe  convex  len«  (or  icd,  violi^t,  and  yellow  light  icipeclively,  and  ^'a>  lii,  UmI  ii'v 
the  conopondinc  (|uant!tirt  for  Ihe  eoncare  lena. 
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Suppose  wc  have  a  point  at  a  distance  h  from  Ihc  convex  lens,  then  the 
distance  oflhe  image  v,  if  red  rays  ue  used,  is  given  t^ 


^:=^.-.i(;,-y 


where  r\  and  r^  aie  the  radii  of  the  surfaces  of  this  lens. 

If  the  concave  lens  Is  now  placed  so  that  it  is  in  contact  with  the  first,  and  the 
distance  of  the  image  fonned  by  the  combination  is  i/,  we  have 

^J"<''-)(p,-A) 

where  r'l  and  r*,  are  the  radii  of  the  surfaces  of  the  concave  lens.    Addii^  these 
equabons  together  we  get 

ir  in  place  of  red  light  we  use  violet,  and  the  image  is  now  formed  at  a  distance 
1/',  we  have  in  the  same  way 

Hence 

Now  if  the  combination  is  to  be  achromatic,  the  images  formed  by  the  red  and 

the  viokl  rays  must  be  at  the  same  distance,  1^.  ^'=t/,  that  is,  -^  -  -„  must  be 

cero.     Hence  the  condition  for  achromatism  a  that  the  r^ht -hand  side  of  equation 
(i.)  must  be  icfol 

Now  for  yellow  l^ht  we  have 


or 


I  4     _  I  J      i  ■     


1  ^VW-0      1^1  rT/V^o' 

Hence  the  condition  for  achromatism  is 

but  if  i  and  S  Bie  the  di&peismn  powers  of  the  glass  of  which  the  lenses  are  made, 

,     fv-I^K        ,  ,,     u'v-h'n 
0  —  - —         anil  S  =  — : • 

Hence  for  achromatism  we  must  have 

/-  i  •  ■ 


(iL) 


924  Questions  and  Examples 

UF'a  Ihe  focal  length  of  the  combinalion,  then  (§  350) 

From  equations  iL  and  iiL  we  can  deduce  the  values  of/ and/'. 

In  ihe  example  pven  we  get  that  /=  -  15  inches,  and  /'  =  ao  inches,  which 
shows  that/is  a  convex  lens,  and/*  a  concave. 

8.  What  is  meant  by  the  chromatic  aberration  of  a  lens,  and  how  is  it  corrected  in 
the  object-glass  of  a  telescope?  The  mean  refractive  indices  of  two  specimcDS 
of  glass  are  1.51  and  1.66  respectively ;  ihe  differences  in  the  indices  for  the 
same  two  lines  of  the  spectrum  are  .013  for  the  first  and  .021  for  the  sec«Hid  ;  find 
the  focal  length  of  a  lens  of  the  second  glass,  which,  when  combined  witb  1 
convex  lens  of  50  cm.  focal  length  of  the  first,  will  make  an  object-glass  achro' 
malic  lor  these  two  Ibes.     RSc  iSSg. 

Am,  A  concave  lens  of  66,67  cm.  focal  length. 

9.  Explain  with  caiefiiUy  drawn  figures  how  the  primary  and  secondary  rainbows  are 
formed.     B.Sc  189;. 

CHAPTER  VII 

1.  Etescribe  experiments  to  show  that  two  tights  may  interfere  and  prodace  darknesL 
Why  are  the  lights  from  two  candles  never  seen  to  interfere?    B.Sc  1889. 

2l  Describe  some  method  by  which  iaterfcrence  fringes  may  be  produced,  and  ei- 
plain  how  the  method  may  be  used  to  measure  the  wave-lenglh  of  monachromalic 
light.     B.Sc.  1S94. 

3.  Describe  and  explain  the  method  of  producing  a  spectrum  by  means  of  a  plane 
diffraction  grating.  How  does  a  spectrum  produced  in  this  way  differ  from  ooe 
produced  by  a  prism?  Under  what  circumstances  would  you  think  it  advi^Je 
In  use  a  prism  rather  than  a  grating  ?    B.Sc.  1S96. 

4.  What  do  you  understand  by  Ihe  interference  of  light  ?  Why  is  the  principal  focus 
of  a  convex  lens,  when  placed  in  a  pencil  of  parallel  mys,  a  point  of  maximum 
brightness  ?     S.  &  A.  D.  (A)  1897. 

S  Eiptain  the  colours  seen  when  a  thin  film  of  oil  is  spread  over  the  surCM:eof  water. 
S.  &  A.  D.  (A.)  1893. 

6.  Describe  and  explain  the  appearance  when  a  convex  lens  is  pressed  into  contact 
with  a  piece  of  plate  glass,  ant!  a  Warn  of  light  Tcfiecled  from  their  surfaces  near 

-ihe  point  of  contact  is  focussod  on  a  screen.     S.  &  A.  D.  (A.)  lS9a 

7.  Newton's  rings  are  formed  by  reflection  between  a  plane  sur^e  of  glass  and  a 
lens.  The  diameter  of  the  third  black  ring  is  I  cm.  when  soda  light  (wave-length 
=  5S9X  10''  cm.)  is  used  at  such  an  angle  that  the  light  passes  through  the  air 
film  at  an  angle  of  60°  to  the  normal.     KJnd  the  radius  of  the  glass  lens. 

Am.  707.4  cm. 

8.  State  and  explain  the  conditions  under  whic'i  Newton's  lings  when  IbnDcd  l^ 
reflection  may  have  a  while  centre.    S.  &  A.  D.  (A.)  iSga 

9.  A  plane  soap  film  illuminated  by  white  tight  gradually  becomes  thinner  as  the 
liquid  drains  away.  It  is  viewed  throu|^h  a  speciroscope  (he  stit  of  which  b 
horizontal,  and  which  always  is  directed  to  the  same  part  of  the  film.  Describe 
and  explain  the  phenomena  which  are  obterved.    S.  &  A  D.  (A>)  1S98. 


QufslioHs  and  Examples 


92s 


Ant,  If  k  b  the  wave-lenph  at  iho  liglit  such  Ihal  Ihc  IhlcliiMH  T  of  tha 


film  opposite  (he  ilit  of  ihc  ipcctmscopc  ii  gii-en  by  T= 


1W+ 1     X 


in 


-,  I  hen  ciwint;  ti) 


islcrfacacc  (g  J76)  there  will  be  no  light  of  this  ware-lcoeih  emering  the  spcclio- 

scope,  and  liciico  the  ipniruni  will  tic  m«Krd  by  «  ttuk  Imni]  cuttuponding  lo  % 

vmve-lcnglh  A.      Ax  tlic  film  lliiiin,  i./.  /'gi^U  snulkt.  In  ocdcr  llul  ihe  nbrrTc 

tiliuttlan  nuty  hold  X  must  r1«i  |^I  imallet.     Hence,  >s  ihc  filni  (hint  ihc  <^li 

linnd  in  the  spectrum  uill  move  lownrdi  the  riolel  end  of  the  ipeclfnin.     It  aui 

be  thown,  liut  (hit  it  leA  as  an  eiei>:ise.  thit  thccv  can  be  more  [lun  one  tand 

«een  in  the  tpcftium  »i  uiie  time  M  hiog  as  T  ji  wiililn  eei'aln  limit*. 

Show  that  the  portion  of  a  pliuic  waveof  U|;hl  which  is  ctTeclivc  in  iltliminnting  a 

ipven  point  ii  limited  lo  a  certain  small  ntcn  of  the  ware. 

Light  from  a  luminous  pi.iini  caiiii  a  shallow  of  ■  Mntlght  ed^.     Dociilie  and 

CxpUin  the  Mnite*  *e«n  nrsr  ihc  edge  ofthc  iJutdow.     S>  &  A.  D.  (A.)  1894. 


CHAPTER  VIM 

Ufscril*  fully  cuperimenH  lothow  under  what  circomvlancH  an  inenndncvnl  liody 

£ii-c«  (ii)  a  continuoiu  ipectnini,  [6)  %  tpectriim  cif  bright  lines,  (r)  a  luminous 

ipeclnim  with  daik  linc<>     H.Sc.  ifiii). 
2,   Dptcnl«snd  ciplaln — |i)  the  illAcKticc  tictwcen  the  sped n  produced  by  glou-rnt; 

teHiM  and  cues  rcipcctireiy  ;  (l)  the  cfTert  «f  gradually  incrvuing  the  thlckncw 

of  a  medium,  a  thin   layer  of  which  gives  an  ahanrpiion  upeclrunt  ciinBiiine 

oi  several  distinct  narrow  band*  plwed  twot  lo  each  odier  in  the  ipecimm 

S.&A.  D.  (A.)  189S. 
S.  Give  a  j^ncrsl  cxplanaiian  of  Fniunhnfnr's  line*  !n  the  solai  ^pretrnm,  and 

ilncribc  an  c»periment  to  verify  the  eiplanaiion.     S.  &  A.  D.  (A.)  1893. 
4.  If  the  «ulh  were  inuving  lery  rapidly  thrmigh  apue,  what  wcnild  be  the  eennml 

ellect  on  the  spectra  of  tun  which  it  wnt  (i)  apprachin|^  (3)  (Keding  from? 

Clivc  full  rcstoni  for  four  nniwer.     S.  A  A.  IJ.  <A.)  1897. 
9,  Diicuu  the  principal  phenameaa  and  the  eaplanaticin  of  mIccIItc  ahmrptlnn. 

S.  &A.D.  (A.]  |S<|0. 
8l  DocTilica  method  of  invcMigatlni;  the  !n&a*re(l  prt  oftbc  tpectntn^aml  i-lie  the 

principal  rcnilu  uiived  ai.    S.  &  A.  D.  (A.]  1S94. 

7.  How  would  yoii  prove  that  the  thermal,  chemical,  and  lomiaoui  ellccu  r4  the 
tatot  [Ml  of  the  vitilile  tpcctrvm  ore  not  due  to  three  dilTertnl  oumb,  lucb,  fa* 
Intl^oe,  as  three  dlttient  klndiofeijIncidciK  r»y*7    S-ft  A.  IX|A.)  1897. 

8.  DcMTJbc  the  principal  character  latin  of  the  phenomcnan  of  Muoreseemv^  and 
deKtibe  exprrimcni(  by  which  its  relation  In  phospboteKcnee  ha*  been  deter- 
Hiiiwd.    S.  &.  A.  D.  [A.|  1S96. 

9.  DeKtibe  a  method  a(  rcndeting  (he  uttra-viold  pottion  of  the  »pprtru«  vhible. 
S.  &  A.  t>.  (A.)  iS9>. 

10.  A  pri«m  contnininc  a  aolution  of  birhtin«  i<  phceil  with  it«  rcfr>i*ia(  »ti0t  nl 
i^lflit  angl**  toa  e^nui  ptltni  and  a  ini;tTI  vaiiveof  wMtc  liekl  iaviewtd  llnoueh 
the  combination.     Docntie  and  explain  (he  appeaixnee  preaenlcd. 


«»6 
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CHAPTER  IX 

1.  What  (TpFrimi^tB  wniild  jiju  mnkc  lo  ihow  that  a  given  colour  an  lie  matchtjl 
by  1  pKipci  ciiiiililnflll>in  at  ibior  kUmllLRl  oulniin?    S.  &  A.  D.  (A.)  1B97. 

2.  DcHiribc  in  cipcrimcnl  to  thaw  that  Itic  trriKition  ol  ycltav  Uf>l>l  ftuy  lie  piw-J 
Oiiccd  hy  niJMblir  mixing  ie<!  and  grcta.     S.  5:  A.  D.  (A.)  1893. 

3.  <:iv<i  MRie  account  of  ilic  irkhtmitjilk  tbrorf  of  colout  visinn.    S.  ft  A.  D.  (A.)  { 
:S9S. 

4.  Wiitf  ■  tliort  ntny  on  colour- blindnas.     S.  &  A.  I).  (A.)  |S9(>. 

5.  WliKl  !«  >  Minipicmcnluy  colnui?     Kvplaiu   ihc  citMeocc  of  ooropIemcQivy  , 
coloun  on  llie  ttkhronuuic  theaiy  of  colour  vbion. 


CHAPTER  X 


1.  Wha!  do  yon  nrnJcTBlund  by  plnnc  polaiUcd  ligfil  t    Dcnerihc  some  form  of 
nlus  for  ilctcmiiniiig  ilie  pluiiF  of  i>ola.nu,lioii  of  a  btoni  of  pljnc  pnluucd 

S.  (i  ^.  I>.  (A.)  it(97. 

2.  A  lioiiiontal  lioun  of  •uallgfhl  enl«t«  >  dark  room  ihrDiii>h  x  wtiaJI  hole,  ami 
(UMiri);  ihrDii{>li  a  pro|ic(ly  placcid  aysiaX  of  tnarmalinc  liccomea  polariwij.  If  1  lie 
louiinalioe  wcic  mmle  to  rotate  ia|]idl]r  almul  un  axis  ctnocident  wiih  the  my, 
Mate  und  explain  ilie  appearance  you  aoulil  see  if  jva  looked  at  it  ihrooEh  a 
Nii-ol\  priKin.    S.  A  A.  n.  {\.)  1897. 

3.  rv>^iil>c  two  opcrimcnii  by  which  you  would  diuint^iiJi  licmcr-n  plmr  iKilarited 
and  oiElinaiy  light.  If  iirnLngcnienlx  are  made  whercrliy  the  two  imcifcrins  bcamt 
in  any  inlcrftfrencc  npcrimcnt  ate  polariaeU  in  pcrticnilicular  placw  ipMffcmiee 
pcaMM.     What  infewncci  do  you  diaw  /i«ni  ihi"?    S.  *  A.  I>-  (A.)  1S99. 

4.  Kipialn  the  actiun  of  Nicol's  priini.  Vou  are  ipvcn  two  tuch  priunn  ;  thaw  how 
to  place  the  KCond  10  Ihitt  the  light  which  cnnrrgct  from  it  may  be  half  as  intense 
M  that  which  fiilU  <m  iL     RSc.  1889^ 

Alt.  The  princi|ial  piano  of  the  Nlool't  mnfl  make  an  angle  a,  mich  Itat 
QU^bbJ,  lhcreftitca  =  45'. 
9.  Describe  the  furm  of  Ihe  wbv«  nir&ce  in  a  nniaKial  Cfyalal.    S.  &  A.  IX  (A.)  1890. 

6.  (live  a  construclion  lor  the  paihi  of  Ibo  rrfntdccl  lays  derived  bom  a  my  iacideat 
on  a  plane  face  of  a  uniaxial  crysiali  with  iis  axis  In  Kitnc  one  or  mora  defiaiu 
direi-tiucit.     B.Sf.  1891. 

7.  Explain  whni  ii  meant  by  the  ordinary  and  extraordinary  rayi  in  a  ciyxtal,  deiinli^ 
any  lechnical  ternii  you  rmpluy,  and  dr«c[ibing  ilniple  uperimeiilx  by  which 
yout  df»criplion  of  llic  twit  kinds  of  ray  ii  jnslifictl.     S.  &  A.  U.  |A.)  1896. 

8.  Rayi  of  lighl  pokriwil  in  and  peipendiculnr  lo  the  plane  of  incidence  retpcctivdj 
are.  in  mm.  leflccled  at  ditTcienc  nrigtn  fiorn  class.  Docribc  the  phenomena 
oUcrvcd.  and  apply  ihcm  lo  Ihc  explxnaiion  of  poluiiaiion  by  tcfleaiao. 
S.&  A.  U.  1A.)189S. 

$.  Glrrn  a  candle  and  Kimo  plane  lilnu  plates,  how  nvnild  jvni  olitain  plane  pohriitd 
lidihi  i  how  would  you  show  that  it  wu  pdaiistd  i  and  what  ooncluaions  would 
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yen  di>w  Iran  fonr  «qintnient>  w  (<>  the  nilurv  of  the  dMutfesan  OMMftMlnc 
plane  i»Urnr<l  Ji|;ttl?    KSc.  1893. 
lOl  How  wouM  you  dcicminf  bata  k>  o^lcnl  |m>pcitie«  tlM  qiMuliljr  of  npf  In  • 
•obitiapnoftlMIMlBtutce?    S.&  A.  D.  (A.)  iS^M. 


BOOK       V 

CHAPTER   I 

1.  Docnbc  i.  mdhod  of  ptoring  Ibu  lb*  force  eaoled  by  ■  in>|^elie  pcile  twka 
levtnriy  u  ihc  Mjiure  of  ihe  diiUliu.    S.  &  A.  IX  (A.)  1S97. 

X.  Two  nugnMs  the  moment  of  ono  of  which  foi  double  thai  of  tiie  olher,  uc  rigMllf 
ranoecled  nilh  the  cciilrc  and  axis  of  the  one  vcrllcally  *l>i.»«  the  txnut  and  n»n 
of  iho  other,  and  the  whole  u  luspcndcd  b^  a  line  meijillie  wire.  Wiicn  the 
mai^elx  arc  opjKiHlely  ditrctcd  the  lop  eml  of  the  wire  hu  to  be  twisted  lhtoU|^ 
75*  in  oido  to  dellecl  the  cimiMriiiliiin  tliiougti  jo*  fnnn  the  magnetic  meiiilian. 
By  how  much  (iniil  the  lop  cnil  of  Iheniie  Iw  iwbud  when  the  in>);>iMt  an 
tlrnihwly  directed  Id  toAa  that  the  «nntntutiun  may  lake  up  ft  poailion  pcipen- 
diralar  lo  the  mnsnelie  mciidinn?    S.  fii  A.  IX  (A.)  ilftf?-  Am.  360*. 

8.  [nvestignle  the  iiiteri«ity  due  10  a  tlrai|;lil  lar  iiii|;iicl  (ll  at  any  pdnt  in  ils  ubk 
(a)  al  any  point  in  the  line  ihrouch  iti  centre  pcrpcRdiculw  10  It*  )Lii»,  the  ilitlnntc 
[lOln  the  niai;nel  hdng  E'cnt  compared  with  Iti  length.  Docribe  how  y»u  woiilil 
carry  odI  an  cipctimeni  to  lot  the  Inverac  m^uarc  Uw  of  mtgnetic  action,  udng 
ibemuloorihiaini'CiiiiKailon.     RSc  1895. 

4.  Two  ihia  ih»il  lar  ma^ncU,  whoie  niaenelic  monicntii  ate  at  1  ti>S,  are  placed 
boriaonlBUy  with  their  ocntia  (e^clhcr  and  their  wim  perpendicular.  Show  itM 
a  oompoaa  needle.  phKcd  with  it*  cenli«  ai  any  birly  Luce  diitAitee  along  the 
Bxk  of  the  Ibrinn  magnet,  would  lak*  up  a  pottllon  equally  incllneil  lo  both 
maKnei*  Uihe  tsuth'i  influence  upon  It  wete  ocnpcnoted.    S.  K  A.  U.  <A.)  il<99. 

0.  A  huriiontally  suipended  nm^etii^  needle  ■na.kci  13  viUatioci  pn  mlnule  when 
no  magnets  aid  ncu.  When  ■  l«t  maifnet  U  placed  Dorth  of  the  notdle  aiilh  il« 
axis  in  the  nuKnctie  meridian  and  iii  K.  jiole  towards  the  netdle,  llie  laller  niakei 
7  *ibfalknii  pet  ininuife  How  many  will  it  innke  (then  the  tu  i«  liniihrly  placed 
at  tbe  Mine  dMance  Math  of  the  needle,  iU  N'.  pole  being  *)fain  diitritil  lomnU 
the  needle?    S.  ft  A.  D.  (;\.)  1899.  Am.  17. 

e^  A  bar  mtgoet  la  lupponcd  hRetxcmUilly  by  a  fine  veniot  wire.  Tbe  nacnet  riet 
in  the  tniignetic  metidiaa  when  there  h  nn  lorti'in  in  the  wiie,  and  ihe  top  of  lb« 
■ire  must  be  turned  throuEb  t(»*  in  onler  10  deflect  the  mcnol  IJ*  frvm  the 
neridbn.  The  niagiKl  is  rcntored,  reauf^titod  and  icplaMd,  aod  anw  Ihe 
wp^t  rkI  of  tbe  win  haa  to  be  Iwisled  ihrou^  iSo*  to  pmduee  the  lune 
deflealca  of  the  Ui.  Compare  the  moment*  of  tl>e  tar  ia  Ihe  (wo  oMCk. 
S.  *  A.  D.  (A.)  1891.  Ant.  ij/iy. 

A  NMcnet  i*  placed  hoHjenlally  In  Ihe  mo^elir  mniilian  <l«t  (OMb  ofa  ctiuipaai 
necitl&  llmr  will  liaaeiinn  on  the  lallei  be  aRocted  if  ( I }  a  plale  of  tot  itoata 
iafttpcsKi  between  tbe  tw(\  f»)  a  md  of  wM  IrM  W  plamJ  alcmi;  the  line  whkS 
jainB  Ihcii  ceoues  1    Uire  reatont.     S.  ft  A.  D.  (A.)  1891. 


928  Questions  and  Examples 

8.  Describe  some  melhod  of  comparing  the  nutgnelic  moments  of  two  mignetic 
needles.     S.  &  A.  D,  (A.)  1893. 

D.  Two  short  bar  magnets,  the  moments  of  which  are  loS  >nd  191  rdpectiveljr.  tie 
placed  along  two  lines  drawn  on  the  lable  at  right  aisles  to  each  ocher.  Find 
the  intensity  of  (he  m^netic  iield  due  to  the  two  magnets  at  the  pmnt  of  iatet- 
section  of  the  lines,  the  cenlces  of  the  magnets  being  respectively  30  and  40  oo. 
from  (his  point.     S.  &  A.  D.  (A.)  igoo.  Ant.  aoi. 

IdL  A  small  compass  needle  is  placed  at  the  centre  of  a  large  ciTde  drawn  00  the 
table,  and  a  small  bar-magnet  is  moved  lound  the  circle  in  such  a  way  that  its 
centre  is  always  on  the  circumference  and  its  axis  at  rig^c  angles  10  (be  magnetic 
meridian.  Trace  (be  effect  on  the  needle  as  (he  magnet  is  carried  round  the 
circle.     5.  &  A.  D.  (A.)  1S99. 


CHAPTER   II 

1.  The  magnetic  declination  near  London  is  lS°  44'  W.  What  exactly  is  meant  by 
this,  and  how  has  it  been  determined  7    Prelim.  Sci.  18S9. 

2.  Wba(  are  the  magnetic  elements  usually  observed  in  order  to  determiitc  coinplciely 
tbe  terrestrial  magnetic  field  at  any  place,  and  bow  are  Ihey  measured?  Int.  So. 
1891. 

8.  What  is  meant  by  the  hoiiiontal  intensily  of  the  earth's  magnetic  field  P  A 
borizontalty  suspended  magnet  vibrates  twelve  times  per  minute  at  a  place  wliere 
the  horizonuil  intensity  is  o.  iSot  How  many  times  a  minute  will  it  vibrate  at  1 
place  where  the  horiionlal  intensity  is  O.24S  ?     Int.  Sci.  1893.  jint.  14. 

4.  A  small  weight  is  nltached  to  the  upper  end  of  a  dip  needle,  whereby  the  incliiB- 
tion  of  (be  needle  10  (be  hurirontal  plane  is  diminished  by  one-half.  Draw  a 
picture  showing  the  directions  of  the  Ibrces  which  act  upop  (he  needle,  and  slile 
the  conditions  of  equilibrium,      S.  &  A.  D,  (A.)  1898. 

fi.  A  small  compass  ne<:dte  is  pivoted  on  a  point  fixed  to  a  horizontal  table  whidi  b 
movable  about  a  vertical  axis.  A  bar  magnet  is  now  laid  on  the  table  with  its 
Cfntre  in,  and  its  length  perpendicular  too,  (he  magnetic  aiis  of  (be  needle  in  ill 
uiidellected  position,  and  the  needle  is  thereby  deflecteil.  It  is  then  fiiund  that 
(he  table  must  be  turned  though  30"  for  the  needle  (o  point  to  the  cen(re  of  the 
bar.  Show  that  the  magnetic  moment  of  (he  magnet  is  \  HI^,  where  ff  is  the 
horizontal  component  of  the  earth's  magnetic  intensity  and  D  is  the  distance  of  » 
pole  of  the  magnet  from  the  needle's  centre.     S.  &  A.  D.  (A.)  1S98. 

Aiu.  See  S  4J(i,  479. 

6.  Give  a  general  account  of  the  distrilnition  of  isogenic  lines  on  the  earth's  surbn. 
describing  [larlicularly  the  lines  of  no  dcclinalion.     S.  &  A.  D.  (A.)  189*. 

7.  Explain  carefully  the  method  of  fmding  the  magnclic  dip  at  any  point  on  theeutb. 
The  centre  of  gravity  of  a  dipping  needle  is  not  accurately  it(  the  axis  of  suspension ; 
how  is  the  error  which  wimld  arise  from  (his  allowed  for  ?    B.5c.  18S9. 

8.  Explain  what  oliservations  are  necessary'  for  the  determination  of  the  total  inteniilF 
of  Ibe  earth's  magnetic  field  at  any  given  place.      S.  S:  A.  D.  </V.l  1S9J. 

9.  A  short  \ai  magm:!  is  placed  on  a  labte  \\i\\\  its  axis  perpendicular  In  the 
magnetic  meridian,  and  passing  through  the  centre  uf  a  compass  needle.     1' 
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I»nitc«i  llie  nvnipua  n««dle  h  <TcrllKtc(l  through  «  certain  >jigl«  wlicii  the  centre 
of  the  inij^ct  U  35  inchei  from  the  ccnire  of  Ihc  nndlc.  If  the  cxperiniciil  W 
rcp«aitctl  ta  Bombay  ihc  magncl  muit  be  mm-cd  5  inches  nraici  to  the  needle  10 
produce  (he  Kmc  dcfleclion.  Uk  these  <lau  to  cumpin:  the  harieonuil  force*  in 
Londcm  mid  liomtoy,     S.  &  A.  D.  (A.)  1K95.  Am,  a5it. 

10.  The  axis,  aliciut   which  a  dippiti^  needle  If  nunable,  b  «1owly  rolatcd   In  % 
I  homonial  plane.     Detcdbe  and  ciplsiin  the  behaviour  of  ihc  needle  during  one 

I  complete  turn  of  the  uis.     S.  &  A.  D.  (A.)  1894, 


CHAPTERS    III   AND  IV 


J,  Giren  •  large  fixwl  in-iul^led  nphere,  how  woultl  you  proceed  to  teal  it*  charge — 
(1)  f^TT  <vffi,  (1)  for  upproximHie  nmuiinl?  In  wh»l  unit*  would  you  eipres  the 
igiianiiiy  of  elcctricily  on  it?    InL  Sd.  1S91. 

2.  Two  cfjunlly  charged  sphere*  icpel  each  other  when  tlielr  centre*  are  half  it  melie 
KpBn  with  n  fcjtce  lypial  1"  llir  weight  of  6  milliuiiiinii.  Wh»t  ii  the  di»rj^  on 
Mirli,  !n  clectii-xitatlc  uniu?    .S,  a  .K.  \i.  (A-)  1S91.  Ans.  iii.x  unitk 

8.  A  thorl  ebonite  rod,  with  a  suioll  electrified  knob  at  one  emi.  Is  muunud  so  u  In 

hlum  freely  al>out  lis  centre  in  •  horiionlii]  plane.  In  a  horitontal  line  with  thii 
ccnirc.  and  at  distaiici's  from  it  of  >  <|\iartcr  and  half  ■  cneltc  mpeciively,  arc 
pliccti  iioiiUlrii);  hitlt  ihiir  arc  alui  eharj^il.  'Dx^  riM  makes  tun  vibiatlmit  in  « 
{•irtn  time,  but  makes  thirty  vjbniti'ins  in  the  same  lime  If  the  htila  are  inlcN 
dunec<L  Compare  the  chnrg«  on  the  two  bolls.  S.  &  A.  D.  (A.)  1893. 
A-'.  Char{;r«  of  <>pp<.niie  ii|^  ifbolh  taills  Htc  on  the  Kime  tiiJe  of  nmllc.  and 
of  tanie  li^n  if  IihIIh  me  on  (ip)K»ile  *[dek.  CtiugetM  I  lo  7. 
4,  An  eleclrilicd  Inily  is  btDU|[ht  into  the  neqthbourhciod  ol  (it)an  inuilaicd  con- 

Iductor.  (*)  an  earihtonnecled  conductor.  Dcs-rtibe  exactly  the  effect  on  the 
potentials  uf  the  electtificd  body  and  of  tli«  unelKtriiied  conductor*  in  eich  cue. 
S.&  A.  D.  (.V)  1S91. 
0,  Gii«  «  sketch  of  ihe  general  (brm  of  the  lines  of  force  between  two  equal  tphefe* 
wlwn  Ihey  are  charged  ( t  ]  with  electricity  of  the  same  sign,  (1)  with  electricity  of 
lh«  oppotile  iiign.  \Wi  Ivtwcrn  a  chaignl  «phcie  A  and  an  equal  uncharged 
xphcM  B,  first  when  II  is  iniulalcd,  and  second  vhen  B  is  uninsulated. 

6.  rnrre  that  *,  line  of  force  must  cut  an  e(|uipoientinl  surface  ai  right  angle*,  ami 
lienc«  that  ■  line  of  fbrec  must  always  cut  a  conducting  surface  at  right  angln. 

7.  Twfl  tImQar  dcrp  metal  )ar«  are  placnl  on  (he  njM  of  ton  himllar  ctcctroaeopa  at 
■ome  distance  apart  and  llie  capa  arc  connected  liy  a  tine  isiie;  a  ptisitively 
electrified  lall  is  lowered  into  one  of  the  jars  without  contaa.  Explain  the  effect 
M  to  pc1te111i.1l  and  dii'ngenco  on  both  sets  of  leave*,  and  also  that  which  ocean 
on  bteakini;  the  wire  conneirlion  \ij  means  of  a  tilk  ihread  and  then  lenKnriog  the 
ball  without  allowing  it  to  tondi  the  joi.     S,  4  A.  D.  (A.)  1S98. 

8.  <ii»«  what  is  in  )\rar  opiaion  the  best  proof  Ihal  the  Ibrce  bttweoi  puini  chM^^ 
nf  clertridty   >irin   invencly  aa  Ihe  kquate  cJ'  the  diatance  IxlwerQ 
&  &  A.  D.  (A.]  1S09. 

I      9.   How  miacb  cncr}>y  ii  cipemlcd  In  cinyini;  a  chaifC  of  50  nnkx  of  elc<tiicity  I 
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Questions  and  Examples 


a  plncf  *r!ier«  Ibe  pulentul  is  ao  to  ■notlicr  whtrv  U  is  ]n?    What  ii  mconl  hjr 
Bring  tial  tticpMTntUlofacnnducloi  to  30?    S.  ft  A.  D.{A.)  1S94. 

Ant.  500  etpk 
10.  Bxplun  i\i«  ime,  iltlrit /vlfHial.     If  loounilsorurnrk  mini  bcilonif  inonlet  10 
move  aa  rT«lric  chiq^e  rqiul  i<i  4  bom  a  ptiir«  vih«rc  tliv  pottniiil  ii  -  10  to 
anothet  place  whoc  Ihc  potenlul  ii  1%  what  »  the  value  til  Vt    S.  ft  A.  IX  (A.) 
1898.  Am.  +15. 


CHAPTER   V 


!■  An  electrified  dtnp  nf  wiuei,  tuppotitd  by  a  ruin-conduclnr,  evapoiaiei.  Ateiiin- 
\o%  that  the  vapoui  a  not  dccuilied,  what  changes  will  ibe  poteotial  of  Itie  drop 
vindcrpi?    S.  S  A.  n.  {A-l  1891. 

2.  A  Ley<li;n  jm  A,  of  capacity  3,  {*  lni.ulalrd  and  ihc  uulcr  cnallrq;  M  connected  bjr 
it  wiic  oilh  ihc  inncf  cnUinif  of  mother  lA-ydcn  jar'  H.  »f  capacity  >,  tbo  ualrr 
coatine  of  uhich  is  unimulaled.  If  the  inner  natbfi  at  Aht  chatjccd  m  that  llie 
potenlial  it  K,  what  is  the  poltntU  of  the  iiiim  coating  of  Bt  S.  A  A.  D.  (A.) 
1899.  Am.  jr/j. 

{Thoe  jon  aic  tn\A  to  be  chattel]  in  lasfitdt.  The  ocndilion  l«  1«  fiiUiUod  lit 
thai  Ihc  cluii^c  on  each  jai  iiiiist  !«  tbc  sainc,  and  tlie  clHUgc  oit  the  oulct  ooMing 
ti  A  a  equal  in  amount,  thoufjh  oppusilc  in  sign,  to  ihe  charge  on  Ihc  inaet 
poaiinK  of/*.] 

S,  Twn  I.cydcn  jun  arc  exactly  alike,  except  that  in  one  the  Itnfbll  cnalin£«  we 
scpaialetl  by  glass  and  in  ibe  othef  by  cl-onitc.  A  cbsrge  of  elcctticity  is  gireft  10 
Ihc  glau  jar,  and  ihc  |x>1riili»l  of  its  inner  roatini;  is  ineaiurc<l.  I'hc  charge  it 
Ihcn  shared  Ivtwem  the  twn  jars  and  Ihc  potential  lnl!s  10  OlA  of  its  liirmCT 
vnlue.  If  the  specific  inductive  capacity  of  ebonite  be  3.  wlint  is  that  of  gUsi? 
S.  &  A.D,  (A.)  i!'93.  Alt.  3. 

4.  Two  induUlcl  fcpbirir*  chHi|>c(l  rctpcclively  wiih  +  S  *^^  ~  5  "i***  ""  placed  one 
metre  apiiL  What  is  the  ditecllon  of  the  tcraltuil  electric  force  cxcrlol  oh  a 
imnll  +  charge  at  a  point  one  meitc  dbtaiit  from  ibc  ccntrei  of  each  of  the 
ipheies^    S.  «  A.  I).  <A.)  1890, 

D.  Uncs  the  energy  of  an  ciccitie  charge  depend  upon  the  magnitude  of  ihe  cfaaige 
only?  If  not,  upon  whnl  other  tireumitniices  does  il  depend?  Find  an  eX' 
prciaiun  for  its  mnguitude.    S.  &  A.  D.  (A.)  1900. 

ft  A  thunder -cloud  ia  over  stiti  water.  Whnt  is  the  declieatalic  nitbce  douiljr  tA 
the  charge  on  ihc  water  if  il  rises  under  tlic  doud  a  1  cm.  abote  it*  prerlouB  lertL 
B.Se.  1893.  'at.  J.95  I'lcctnjotnlic  units  per  sq.  cm. 

7.  Define  tpedfic  inductive  M|ncity,  and  drscritie  some  ii>eih>.d  by  wliich  It  can  Itc 
mpjMired.  A  eondcnwr  ix  made  irf  \*-o  puallcl  metal  pla(c»,  lliese  arc  nuJn- 
Iiitned  at  contlanl  potcnti»1ii.  What  effect  will  be  prtidufeil  tin  ihe  atlTMtioin 
between  the  pUlri  when  ■  Ntiib  of  heavy  tfawi,  i^prdfie  indHclivc  cupnrily  10,  and 
thickness  one-half  of  ihclr  diilanee  apul.  i»  insetted  between  them?  Tbefuc* 
of  [he  slab  are  parallel  to  Ihc  platot.     Int  Sd.  (H.)  )S9ji. 

All'.   Alirarlinn  will  be  4f  i  times  Ihe  aitmcilon  lirAire  the  ilahwao  Intmtnred. 
[Obtain  (he  railn  of  the  Rorfacc  dcmitic)  in  the  two  canst  (f  46^.     Then 


QufstioHs  and  Examples 
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(he  •tiractinn  li  prapotiliinal  lu  %,  which  can  )«  tMurcd  in  the  manner  cm> 
ployed  in  %  466.] 

A  Lcydpn  jui  ocmuKit  nr  Iwo  cmmntric  spherical  lurftcet  of  5  and  <S  cm. 
diitiDeicr  mpccilvi-ly,  ilic  Inici veiling  npaoe  l*iin*  filled  wiih  air.  The  outer 
sphere  ii  uniniulnied,  the  inner  ii  chaigcd  with  20  uniu  of  electiicitr.  Hiiw 
mucb  wo>k  i* dgiic  wheulfae  inner  sphoeisput  (o  culh?   S.  &  iV.  D.  (A.)  189^^ 

AHi.    Ijlcfgs. 

An  intuUlcd  iphcre  of  t  cm.  nuliui  in  (xinnei^lcd  by  a  I^inf!  (hin  wtio  with  amMhcr 
intulatcd  ipheie,  ihi;  mdiits  of  which  ii  6  cm.,  and  which  ii  sunnundeil  by  a  ihiid 
sphen:  uf  It  cm.  ladiuB  cuiicsilric  niih  iL  The  wire  which  cnnnccis  the  liril  and 
MCmnil  iphcret  paiArt  ihrinigli  it  tinill  liniu  in  Iho  Ihiiil  su  lu  not  to  Icnich  it.  AU 
■he  iphcm  arc  conduclan.  Calculate  the  cipacitjr  of  the  two  cminecln]  ipberct, 
S.  &  A-  D.  (A.)  iSq6.  Am.  36. 

A  Pnnkliii'i  fane  is  formed  by  puting  two  sheet*  uftinfiiil,  each  of  which  jl  loO 
ujuaie  ccnitiiirlrci  in  i»ca,  un  <ip|Kitiie  nidt-'i  ySa.  »hecl  cif  glaia  \  tiiilltmttrc  thick. 
How  muiy  iheel*  of  linfoil  of  the  tame  kite  ucHlId  have  to  be  )iiUitod  on  nppntile 
wdes  of  a  iheel  of  elioniic  5  millimctics  thick  to  make  a  condcojcr  of  ihe  ame 
capacilj',  the  tpccllic  inductive  capacities  61  gUn  and  etianile  Iting  3  and  a  \ 
Tctpectively 7    ?..  ft.  A.  1).  (A.J  iS9a  Am.  15, 

The  pull  IjclH-een  the  two  pUlci.  of  a  charged  condenicr  in  aii  ii  1  |;ram.    WhatJ 
■ill  it  be  (1)  "^'ti  liic  >amc  charges  (i)  »ii)i  the  Mme  potential  difleiencc,  when 
a  niedium  of  Kpcdfic  inductive  capacity  iS  i»  wljsliluted  for  aii^    B.Sc  (II.)  1896. 

Anu    I,'V  cram  ;  k*i:nnis. 
Two  iphcici^  of  diamct<n  6  and  10  centimetres  [opcclively  placed  at  a  diilunce 
/torn  oath oihet, are  chart^wjth  Sand  13  uniliof  poiiiiicdccincityrespcetitel)'. 
They  are  then  connected  by  a  fine  wire.     Dun  any  tpaik  paia?  if  no,  how  tnudi 
encr):y  ItdixiipaKd^    S.  &  A.  D.  (A.)  1897.  Am.  Vcs;  o.O^crp. 

The  volume  of  the  air  cncl»<«il  between  the  coatingi  of  a  iphen'cal  eondcnicr  U 
touo  c.  c,  and  80  erp  of  murk  are  done  in  char|piig  iL    Calcnfaite  Ihe  mean  value 


of  the  brcit  in  llic  Kjnce  bolwmi  (ho  ccMiiigt. 


Ant.  O.S^^dyiM& 


CHAI'TER   VI 

Describe  mine  farm  of  Tlmrn'on  ginnlini-  cli-nromcler,  and  how  h  b  Ui  ha  ateai 
to  meature  diflcrcncea  of  potential  in  aluolute  ekoroAalic  imilv  TVfmc  (hit 
■bnolule  uni(  of  potential  and  show  how  (he  iniiTniitent'adcIcnninaiiom  ate  in  the 
mitt  spocifHit  ill  your  drfiiiitiun.  I(  the  intp-ilniir  ii  5  cm.  in  diameter,  is  J  mm. 
ironi  the  umlcr  plitte.  and  it  at  1  no  volti  putentbl  diflcienw,  what  fnr<«  of  atirac- 
tlonnoutd  you  expect  between  thvin?  Int.  Sd.  <H.)  1891.  t3«>™lw- 1  electro- 
Katie  unit  d  potential.]  Aia.  ijjiLS  dyne*. 

Describe  an  elect rophono.  and  explain  iu  action,    tlow  would  you  nw  It  ludiUGt  | 
a  Leydcnjai?    How  do  you  explain  (h«  fact  that  if  the  Leydrn  ]ar  h  pUcid  on  an 
inulalor,  and  the  outtide  coaling  fa  not  tmched,  the  Jar  will  not  take  so  larsc  a 
dnttKc  ai  when  unin<<uUteil  ?    Int.  !ici.  189). 

llnicrlU-   and   explain    ihr   action   of   (ome    form    of  quadrant   cit«ttoinc 
S.&  A.  D.  (A.)  iqaa 


93^  Questions  and  Examples 

4.  A  chafed  electrophonis  being  capable  of  supplying  an  indefinitely  )>i^  amount 
of  electricity,  explain  why  the  charge  it  can  convey  to  an  insulated  s^^iere  is 
practically  limited.     S,  &  A.  D.  (A.)  1890, 

6  Describe  and  explain  (he  action  of  an  electrostatic  induction  inactuDc. 
S.  &  A.  D.  (A.)  1900. 

6.  Given  that  a  frictional  machine,  turned  steadily,  geoentes  the  lanie  quantity  of 
electricity  at  every  revolution,  show  how  to  compare  the  capacities  of  two  Leyden 
jars  wilh  moderate  accuracy.  No  auiiliaiy  apparatus  buc  some  wire  and  a  pair 
ofknobs  on  insulating  [nllars  is  to  be  used.    S.  &  A.  D.  (A.)  1891. 

7.  Stale  and  explain  the  action  of  Lord  Kelvin's  Replenisher  (mouse  mill). 
S.  &  A.  D.  (A.)  189C. 

CHAPTER  VII 

1.  Describe  ihe  action  between  a  current  and  a  magnet,  and  explain  how  it  has  been 
used  to  construct  delicate  instruments  to  measure  the  strengths  of  electric  currents. 
Prelim.  Sci.  1889. 

2.  A  wire  is  stretched  from  east  to  west  (magnetic).  How,  without  breaking  it,  can 
you  test  whether,  and  jn  what  direction,  an  electric  current  is  passing  through  ii  ? 
S.  &  A.  D.  (A.)  1896. 

3.  A  road  in  the  northern  hemisphere  runs  magnetic  north  and  south.  At  orte  point 
an  insulated  con<itictor  passes  beneath  it  in  which  an  electric  current  flows  fi-om 
east  to  west.  How  wilt  the  indications  of  a  dip  circle  be  affected  al  points  near 
to  the  conductor?    S.  &  A.  D.  (A.)  1894. 

4.  Discuss  the  several  forces  or  moments  which  act  on  the  needle  of  a  lai^enl 
galvanometer  when  deflected  by  the  action  of  a  current  passing  through  the 
coil  of  the  galvanometer,  and  deduce  Ihc  law  of  action  of  the  inslniment. 
S.  &  A.  D.  (A.)  1900. 

5.  A  current  flows  through  (wo  tangent  galvanometers  in  sciies,  each  of  which  con- 
sisls  of  a  single  ring  of  copper,  the  radius  of  one  ring  being  three  times  that  of  ihe 
other.  In  which  of  the  galvanometers  will  the  deflection  of  the  needle  be  greater? 
II  the  greater  defleclion  be  60°,  what  will  the  smaller  be  ?    S.  &  A.  D.  (A.)  1897. 

Am,  In  the  one  having  the  smaller  ring ;  30°. 

6.  A  coil  of  six  turns,  each  of  which  is  I  metre  in  diameter,  deflects  a  compus 
needle  at  ils  centre  through  45".  Find  the  strength  of  the  current  in  amperes, 
having  given  (ha(  H=o.i8  c.g.s.  units.    S.  &  A.  D.  (A).  1893. 

Am.  3-39  amperes. 

7.  The  coil  of  a  tangent  galvanometer  is  placed  at  right  angles  (o  Ihc  magnetic 
meridian  and  a  steady  current  passes  through  it.  The  needle  when  set  in  vibration 
makes  5  oscillations  in  a  given  lime,  but  only  3  in  the  same  time  when  (he  direc- 
tion of  the  current  is  reversed.  Compnre  the  magnetic  force  at  (he  centre  of  the 
coil  due  to  the  current  wi(h  that  due  10  the  earth.     S.  &  A.  D.  (A.)  1S98. 

Ahi.  ^  II. 


Questions  and  Examples 


m 


CHAPTER  VI 11 

I^  Ddin«  cuefiilly  hliciiKth  of  electric  currenl,  el«tti>t"Ollvc  foicp  and  roiswnc*. 
WTist  reiiiUuice  ihcmld  n  wlic  lutve,  which,  whrn  cniicrtril  x(-r<nt  the  icrniinils 
of  a  gaWaiiomelcr,  whcoc  tciistnnce  U  3663  ohmi,  would  !cl  one  hunilicillh  |«rt 
of  1F1C  ti\v>\r.  I'linvnl  put  llitough  ihc  galranunictcr,  and  ^glh*  ihrunjfli  iiwlf  ? 
Int.  ScL  1S9:,  All.  J7  ctnM. 

X  A  length  of  nniftinn  wire,  of  redtiuuM  IS  tAoM,  li  Iwnt  into  a  circle,  ■iid  Iwo 
poiaU  »t  ■  quarter  of  the  ctrrumfeTence  oporl  are  oonneded  wlih  a  tstiriy  whose 
reMiunce  I*  1  uhtn  xnd  clccirumotive  force  3  I'olu :  lind  (he  current  in  the 
diffittent  pdiu  of  ihc  ciifull.      Inl.  Sci.  itU^. 

Ant.  Through  baiicry,  \\  ampt-re  :  ihrnu^h  Ihc  quarter  circumference,  A 
(unpete  1  llinnidh  remainder  of  circumfcieticc,  i",  luiiprre. 

S.  A  euinpKn  necille  \i  placed  ,it  the  centre  of  (wo  ctmcenlric  circle*  whicli  are  In 
the  wiiic  vcrllctl  plnnc,  and  me  made  of  witei  limilnr  in  alT  tapecli  except  Ihat 
the  outer  i*  copptt,  tlii:  iiiiici  Geririaii  lilver.  Tlie  wim  »rc  connected  in  mulliple 
arc,  but  Ki  that  the  cuncnli  whicli  llutv  Ihiough  (licni  eirciilntc  in  op|)u»[lo 
duectioni.  What  must  be  the  ratio  of  (he  diunelen  of  the  ciicles  that  ncj  cffocl 
maj  be  pr<idu<^l  mi  ihe  iicciilc  ?  \li.B.  — AviimK  the  conductiviij-  of  copper  to 
be  Iweh'c  Uaici.  ihat  of  Cciiiian  lilvfT.}    S.  A  A.  I).  {A.)  iSgi. 

Amp.  The  diameter  of  the  copper  drclemiut  bc3,^tiina>ttiat  oflheGtnaan 
ulrer  circle. 

4.  What  efiect  is  produced  on  ihc  nu(;nelltint>  jiower  uf  ■  coil  of  iniul-ucd  wire,  the 
eiid)  of  which  ate  connected  with  the  polct  of  a  tiaticty,  by  iiniueiiiini'  it  in  cold 
«■(«?    S.  &  A.  D.  (A.)  iS9t. 

B.  A  wire  AB  of  0.33  ohm  ti-viiianoi:  fiirmi  pirl  of  a  circuit  IhmuBb  which  an 
electric  current  finwt  in  the  (liieilion  from  A  In  El,  The  puitits  A  and  B  are  alto 
conucclcd  by  another  conducting  path,  in  which  it  includeil  a  cell  of  e-m.f. 
I.1S7  Tolli  and  a  ^vanotneter,  the  poutive  pale  of  the  cell  beinK  ihal  juinti]  to 
A,  If  the  galtanomciei  it  imt  dellectcd,  what  a  the  iucii|;th  of  the  current  in  the 
wireAB?    S.  A  A.  D.  (A.)  1897.  Jni.  3.9  aniperev 

ft,  TwcItc  wim  of  equal  Icneih  and  electrical  raiitince  arc  afrnii|;ed  to  form  the 
edge*  of  a  cube,  and  a  current  of  4  cenliomperes  11  led  into  the  cube  at  mm 
CMoet  and  out  at  the  oppi»ite  romer.  Find  iIk  difference  of  poienlial  belwvcn 
theic  two  corner*  and  ihe  clfcctirc  itMUnM  of  the  (ramewurk  between  tbna, 
the  mitlanoe  of  each  wire  being  tiohcM.    S.  &.  A.  D.  (A.)  1S98. 

Am.  0.1.  Tolt  t  Sohmi.  (Find  the  ciirt«nU  in  tachof  ihewirca.  Tliiacaalie 
done  from  cansidcnlinnf  of  ijniniclry.  Thus  each  of  Ihe  oiia  whidi  meet  at  iho 
corea  at  wblch  the  cuircni  mim  miitt  csrrj  one-third  of  4  cenliainperet.  Then 
□drulaie  the  diffcienoe  of  poieniiat  aloi^  one  of  tlie  |iaiht  lictwwD  one  cornet  and 
th«  oppoiite  by  muldfiljriag  ike  reiiHanoe  of  each  ccmduetat  into  (be  rarrrni 
flowing  through  it  and  adilic);.] 

7.  Four  puiirt^  A,  B,  C,  D,  are  connected  luf^ther  ■*  Mlowat  A  \n  B,  B  Ko  C, 
Clo  O,  Dto  A,  each  \iy  a  wire  of  t  ohm  miauncc  \  A  \xi  C,  Stt>  />,  aich  by  t 
e*U  if  t  volt  e.ni.f.  and  3  ohmi  reiiiilance.  Detemlna  ttie  nirtent  Howii 
ihiough  each  of  the  celt*.    S.  &  A.  D.  (A.)  tfoa  Aiu.  ^  aaafitn. 
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8.  KxiiUiii  fcilly  K  nieihixl  iif  moipuing  llie  e.m.ll'B  <A  two  cotb  in  which  aji 
cltciiDincicr  U  noi  anployod.     S.  &  A.  IX  (A.)  1S9S. 

9,  Daccibe  une  fbnn  of  Whnistone's  bridge,  anil  prove  ibe  fiMcnuItt  anplofed  nhen 
using  1)10  bridge  ti>  moiiirc  k  mixtitnce. 

10.  A  cuRciK  uf  t.5  inipurE  U  fOMcd  thicKigh  >  wits  uf  which  iho  IcnglU  U  one 
melic  and  Ihc  diamelcc  3  mm.  If  the  ipecilic  laiiUnce  uf  the  iniletial  uC  the 
wir«  a  i.tJ  K  10-*,  Khat  wiU  be  Ihc  i^fli^teoM  of  potcnU*!  bclncen  the  entU  ot 
the  wiic?  Att.  001155  ^^'"^■ 

CHAPTER  IX 

1.  Vou  lie  tcii-vTi  two  equal  lenglhi  of  wire  of  iHe  laXfM  ibtdintMi  «M  vf  tivet,  the 
other  of  plmiiium,  and  wiih  <o  make  one  at  Ihcm  u  hnt  ax  pcndbte  with  a  lat(«iy 
of  ijivcn  c.iii.f.  niiiJ  neuU^iblu  roitlance,  which  wire  would  you  uk?  Give  ihe 
reaion*  for  your  choice     Prelim.  Sci.  1S85.  Aitt.  The  silver. 

%  A  cuiient  of  one  ampere  tlowii^g  for  one  wcond  thr(iu|[h  a  icid^tnticc  of  I  nhiii 
prcxluca  aijg  gnun- centigrade  units  <i  hcnL  What  current  vauld  have  lu  tlnw 
(urao  hour  ihrough  b  resistance  of  41.84  ■  hnit  iu  urtler  that  Ihe  licat  produced 
mi^[  suffice  Ki  riiiwr  a  hili^^am  of  wulei  fioni  o*  C.  Id  the  U:iting-[)oinl? 
S.  &  A.  U.  [A.)  1S9&  Am.  i.6y  ampere*. 

0.  A  spiral  of  line  wire  glowt  when  a  cuticnt  ia  poised  thraach  it.  Expli^n  this, 
tf  a  part  of  (he  tpinil  i*  cooled  Ihe  renuiiiidcr  glows  more  biighll;,  Eiplain  ihbi 
aba    S.&A.D.<A)  189a. 

i.  The  e-m-C  of  a  bntivry  i*  iS  toIIk  and  Its  inlcmal  rctiscance  j  uhiiii.  The  differ- 
ence of  poientta!  beiween  it*  poles,  when  ihey  are  connected  l>y  a  wiie  A,  It 
15  voltfc  and  falls  to  \%  volis  when  A  ii  repluccd  bj'  another  wire  H.  Compare 
the  amounts  of  hcBt  dcvcloptJ  in  A  kpA  H\%\  equal  limcL  S.  h  h.  I>.  (A.)  1890. 
Att.  Ileal  ilevclu)>eil  in  A  ii  10  heal  developed  in  /I  as  5  it  to  8. 

0.  Tun  iif  ihc  circuit  of  an  clecliic  eurrent  coniiits  of  a  bare  wire  which  poses 
llitough  a  irettioU  elais  lube  colknl  al  the  luwcr  end.  Kvplain  ihe  efficcl  on  the 
lemperaiurc  of  ihc  wire  and  on  iho  current  in  the  drciill  oif  crfldiially  fillinj;  the 
tube  Willi  mcrcut}-.     S.  &  A.  1>.  (.V.)  1897. 

6.  Show  livw,  I7  inciiMitini;  the  hcit  developed  in  a  wire  b)-  a  known  cunetit,  Ihc 
mii>hanical  ciinivalcnt  of  beat  can  be  oUained  if  w*  know  cither  tlic  miMancc  of 
the  wire  or  the  differvnce  in  polentiid  bctwcce  the  end»  of  iho  wire  while  ihc 
current  is  fluwing. 

CHAPTER  X 

L  Eiplnin  how  the  meiwit  nuiy  lie  arTan|[cd  in  a  Ihcmiocleclrlc  series,  and  the  eon- 
dilhins  iindrr  tthich  inch  1  series  has  a  dcfinilc  meaning.     S.  ft  A.  11.  (A.)  tS<>6. 

2.  Ucliiie  theimoeleettic  power.  Deacribc  ihc  ihetmuctrrliic  diaipam,  and  »hi.w 
on  one  what  tepresmis  liic  e.in.£  of  a  circuit  uiin)iuMii  of  lead  and  some  other 
mcta!,  with  juuctixn  at  i\  and  /,  Given  ihc  diagram  foit  two  metals,  how  would 
you  verify  ii  experimentally  ?     HSc.  1893. 

8.  Describe  how  a  thermopile  i*  ooRUructeil  and  used  llow  wmildj-onmeuuteiU 
e.m.f,  under  given  cuudilians  of  icmpcroiufc?     Where  6ncs  Ihc  energy  ef  the 
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cnrrcnlranTcrruiii?    lluw  do  you  know  lh»I  theoirrcnt  rcquimcnetiQr  /  rtclim. 

Sci.  I  $93. 

Two  (liffrienl  ni«<n]  winri  arc  joinol  logclhn  nt  Iwo  pointv  >nd  one  of  the  juno- 

liuas  a  kqit  it  a  coRiilitnl  iviiipnaturc  wliilc  the  btlirt  n  limlcd.     DwriU-  iwa 

t)r|]Ecal  tai<*  of  ihc  change  oloeiveil  in  Ihc  clcciromolive  fiurfc  lu  (lie  ililTeitncc  of 

tcmperatuic  incrcnici;     S.  &  A.  D.  (A.)  iS^j. 

A  thcrmopiltf  is  jcincil  up  iii  ii^rim  with  a  IHniell  (Vll.  aod  Ibe  cutrcnt  illotticd  to 

fli)«  for  »  slioii  timr.     The  Ihrimopik-  w  ihc-n  removMl  froiu  the  ctreuil  and  c«n- 

ncdci)  I"  Ihc  TcdniiiaU  of  a  |>alraiir<incter,  the  r>t<nllc  ofwhirli  1»  t)>crciiponi  con- 

tldetnbly  dcHcctcd  bni  eiodually  rctunu  to  ttt  undUlurbcd  poulion.     Kaplnia 

Iha.    S.  &  A.  D.  (A.)  1898. 

Give  nn  acrniini  of  ih«  reasoning  by  moana  of  which  Liird  Kelvin  nhounit  that 

theie  tnuii  \x  other  revenlbia  lh<tni*l  clUccIs  duo  lo  the  pttuaji^c  iif  n  rurimt 

besda  the  Peltier  cfflccU, 

Finii  the  r.tn.f.  ac(ing  ruund  a  circuit  conuBting  of  two  mctohk  (tw  juncUant  of 

whlcli  are  iiisiniaiiied  It  (1'  und  loo*  rcapcriivcly,  if  (he  ordioatei  uf  [h(  liiwa  of 

the  twa  mctnU  on  Ihc  Ihcrmoeleclric  dkjjntm  are  o  and  tj  tnlaoTollx  at  o*  and 

a  and  6  mictovolis  at  100*  tcsp«ctivdf.  Am.  850  ■nictD*oll& 


CHAPTER  XI 


A  [cmg,  ihin  crIimlriciU  RiBgnet  ho*  a  momcnl  of  616  t.g.%.  unlif,  la  loa  rtn. 
long  ani  a  mm.  in  diameter.  Calculate  the  itilcraily  of  iiM|pie(iaUion  of  ihe 
alnl,  HiiiJ  llie  area  of  crou  Kction  of  k  lube  of  force  wilhin  Ihe  magnet. 

^itr.  196  ;  1/1464  iq.  inn. 
ExpUn  «hM  H  meftiu  bf  the  induction  In  «  piece  of  i(on.  A  thin  iron  «ire^ 
50  on.  loiiK  and  .oj  xg.  cm.  in  cms  Kaion,  it  placed  Tcrlicalljr.  so  thai  iti  upper 
end  i*  on  a  level  with  and  lo  cm.  due  E.  uf  a  smatl  (Uipended  niacirt-  The  nu- 
pcndcd  magnei  ii  dc&ecled  ihrou^h  an  annle  of  14'  2'.  GiTen  that  itie  horitontal 
eumpuneni  of  the  earlh'i  magaOx  field  11  aiS  and  the  dip  67*,  and  iBamins  ihat 
lh«  liawei  pole  of  ihe  iron  it  to  hi  rcmui'ed  as  nul  tu  affiYt  Ihc  suspended  nugnel, 
ealcuhUe  ihe  induction  in  Ihc  Irrni  (laa  A7*«3.]56 ;  laii  14*  t'  =  .!^). 

jIiu.  I  =  115,  B=  *8t9. 
What  is  mraiA  by  the  mMKntiic  permeability  tS  k  luhotancc,  and  how  can  it  be 
nouurol?  l>nicribe  gcnetnlly  how  Ibe  magnetic  pcmieabitiiy  of  a  piece  uf  nrfl 
Iran  variea  «iih  thr  tnicntily  of  ihe  mi^aetiMns  fcccc.  BSr.  189(1. 
Tao  circular  ring*  of  Irvn  an  mapieiiMd,  ibe  litw  t>y  l>ctii|;  placed  bcitrccn  Ihe 
pnicifr.'i  Mtong  hortohc*  mapiet,  lo  that  iWiine  joinint;  Ihrpolcaofihemacnet 
b  a  djomclci  of  the  ring,  ihe  «rconcl  by  havlr^  on*  pule  of  a  lar  nugnct  dia«n 
found  it  ■ci-cml  timo.     Dciciihc  (he  mapietic  a«l«  of  each  ring.     S.  ft  A.  D.  (A.) 

What  it  mcnnl  liy  "hytleieah"  wlien  un4  lit  ocmneellan  with  (he  naeneliMlin 
of  iron  ?    Dewrlhc  coneralty  itie  fenM  of  (he  oarw  wMefc  |>i«r«  (be  relalkm  lictvnti 
ih*  magnetic  induct  Inn  and  the  aM^nelUlac  fixoe  Is  aofl  Irnn. 
Cive  a  ecnend  aemnni  of  Rwlng'i  theory  of  macoetim,  aod  polM  OM  bow  It 
accODnli  kit  tbc  farm  of  the  l-Il  cunc 
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CHAPTER  XII 

I.  DcKribe  how  ibe  linn  of  magnclic  btte  lie  in  llie  ncighbtrurlxKid  (n)  of  wi 
el«Glr!e  cuiteni,  and  (A)  of  a  mx^ct,  and  riiiUiii,  iiam  llal,  liuw  ■  cuU  oTwire 
■cit  like  a  magnet  at  poinu  ouitide  itie  odl.  In  what  mpcett  wimtd  a  boDuw 
migiict  (lifTcc  frcim  the  cnll  ?    Inl.  Sd.  1889. 

%  Siair  the  nili3  hy  which  the  Ibice  actiai;  on  a  conduoor  cnfi|fn|;  a  current  in  a 
inoj^nvtio  IWIJ  cxn  be  detecmincd, 

8.  I}i:Knl>e  the  niitgncili:  tyiivin  ohicli  has  the  nine  mignetic  Reld  uaE'^*CRCMtieM 
circuit.  Docribe  cxpcriinenit  by  which  ihc  <i]uiTaI«iKO  or  ihc  two  ayileiBs  oouM 
be  BiablUhed.     B-Sc  1S94. 

4,  Whnt  ait  lh4  pneml  iawv  of  atlraclion  aiul  repuiiiun  of  cutieott,  and  how  wouU 
yuuenperimentally  inwstigwo  tVitm?    S.*  A.  1).  (A.)  1899, 

fi.  A  milenaid  hu  a  lcn|[th  of  40  cm.,  and  »  woand  mlh  joo  tuini  of  iniiutHml  wire, 
■nd  is  Iratcned  by  a  current  of  r.t  ainpvtei.  Find  the  itieneih  of  the  6rld  m  a 
piUDl  ntmr  ths  centre  of  tlic  tulnKiid.  If  the  vulrnuM  xt  filled  with  inni>  6nd  ihc 
InduelioD  lbrou|*fa  the  itun  iitat  the  cciitte.  The  pcimraUlily  ma  be  obtained 
from  Fl£.  4S1.  .{'11.  t!i.S6c.|;.k  unitHj  150901 

6,  Prove  ihe  formuta.  (at  ihc  magnetic  moment  of  a  tolcnoid  by  lepUdDg  each 
luin  of  wire  by  [he  cquinilent  magnvtic  bIk'II. 


CHAPTER  XIII 

L  State  the  Ibwi  of  clccUo-magnelic  indiiclioD,  and  lincribe  experiinciiU  illiutratiog 
each  af  (iitin.     lul.  Sei-  tSKg. 

X  [IcKrilw  hiiw  to  move  n  wire  forminjc  part  of  a  doted  ctrcail  in  the  csrlh'a 
inasnciic  field  lo  as  lo  induce  a  cuttcnt  along  ihc  wire,  and  how  to  more  it  >o 
(hat  there  iiuiy  be  iiu  iiiilticed  ciirreiil  along  Ihc  wire.  If  It  be  tnnvod  thi-  wmo 
diMance,  litii  twice  lu  (mi  on  one  ocauian  ni  upon  anothet,  what  U  the  rcUiluD 
between  Ihe  catrmt*  induced  in  ead  aue  i    Int  Sci.  iKqJ. 

Am.  The  ciirrcnl  is  twice  ai  givat. 

5.  Eiiunciato  Faraday'*  and  Leni's  laws  for  drlenninlng  (Iw  oinetiiik  Indurcd  by 
change*  in  llic  nia|[netlc  I'lcld.  Shi^w  ihni  Ihcu  lawn  lend  to  the  ume  rctull  far 
the  direction  of  the  current  induced  in  a  cltcnit  moving  in  a  mifnetic  Rekl.  Inl. 
Sci.  IS9> 

4.  Describe  the  diMrilnition  uf  line*  of  fuice  near  a  magnet,  and  {unn  iVa.  thaw  In 
whit  wayv  you  could  niuvc  ■  circle  of  wire  near  the  ni>|^el  wlihdul  caitilnjc  any 
current  to  diculalc  i nund  the  circle     Prelim.  Sd.  1SS9. 

6.  Show  how  to  determine  upptoximAlcly  the  direction  of  the  magnetic  meridian  at 
a  place  by  experimenting  with  a  cihI  uf  wire  movable  about  a  vertical  axla,  and 
connected  wilh  a  teniiiiive  calvunoiiieln.     S.  ifv  A,  [>.  (A.)  tS99<i 

A  A  flat  coil  of  wire,  the  eiids  of  which  ate  coniic«icd  to  a  wnullvc  {olvanonicter, 
ii  (1)  moved  up  towinls  (he  nuilh  <t\A  of  a  lonK  bur  magnet,  (z)  thnudcd  oti 
the  \at,  (j)  mated  alonf-  il  to  the  *'uth  rnd.  {4)  removed  to  a  diilancc.  What 
Indiealioai  does  the  j»lv»Domcter  gi»-e  during  the*  opemtioni?  S.&  AD.(A.) 
1«97- 
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COndttlog  of  a  faatlcty  »nd  an  elMUooi^ncI  con  lie  tnailc  ]uul  ttokini 
MiftM  dlp|d)^  into  mercury.  Al  every  breOc  n  tiright  lipark  occun.  H  iht 
elcclroinxgiiet  bo  rpmovctl  lioiti  ilic  diruii,  ilic  tparit  ti  much  Its  Iirifiht.  Ex- 
lilnia  thcK  plieiiomciia.    S.  it  \.  I).  (A.]  1S91. 

An  icDQ  hoop  b  held  rn  the  msigiietic  tnciidion  and  ii  illonvd  lo  fait  nvet  lowxiilt 
Ibe  cul.  Eiplain  why  >n  cictitk  current  liarciMri  the  huop,  und  lUte  nhclhri 
llie  current  wotiIiI  fliiw  iii>rtli  at  »»utli  In  l!ie  \ati  iif  the  hinp  wliich  louchei  the 
ground  If  the  cipcriiiicnl  wcie  pctfaimcd  in  England.     S.  &  A.  )>.  (A.)  1894. 

Aiu.  ^'rom  nonh  in  wnith. 
Ifihc  diimeicr  of  the  hoop  considered  in  ihe  liut  qiislion  is  one  metre,  and  the 
miUaLnoe  uf  Ihe  circuit  cunnittiott  <■'  the  hiHi|i  i>  ,15  ulim,  find  the  qtiantily  of 
ckctiiclly  whicli  will  fluw  r»und  Ihe  hocip  while  jl  ii  hlliii);. 

[//=<xiS^  dip  67',  un  67'  — 1.356.]  During  the  pauagc  of  the  cun«ni  rounil 
the  hoop  hcit  will  be  developed.  Explnin  whence  Ihe  enttgy  cnnci>ponil>n|:  to 
Ihnhest  itiicrircd.  Mm.  I.3J3X  10**  coulonibi. 

A  bar  magnet  ia  Hitpended  on  a  (timip  by  a  iKing,  and  cncillaicx  in  ■  hirizonul 
phow.  How  are  the  nunllaiicint  an«:ie<l  (if  at  all)  when  n  thick  non-nininictic  m<n»\ 
pLueuplwedhoiiionullybcncalh  the  needle  »oai  la  lie  close  towitlioiu  touching 
il  ?    S.  &  A-  IX  (A.)  1896. 


CHAPTER  XIV 

A  «al  of  wilt,  con«i>ling  of  fifty  tiimB  In  the  ftum  v(  a  circle,  4ft  cm.  in  dinmetcr, 
K>ai*>  twenty  time*  per  KCond  about  a  vcilical  vat.  Find  the  maximum  e.nkf. 
in  Tolla  induced  in  the  coil  if  the  nirih  1  horiiontal  nufnelic  force  be .  18  c.g.11. 
nnitL  •4h(.  1.41K  ii>'*rollx. 

3.  Dncribe  the  (nraiiB  by  which  eoih  rocaiinj;  in  a  in>|^etJc  fwlil  niay  he  anaiqttd 
In  fiirniKh  {I)  allmialinK  currents,  (1}  oonllnuaui  cuirenli.  {(.Si'-.  1899. 
A  copper  plale  i>  rotated  about  an  alia  perpendicular  to  iti  plane.  A  h»ncthc* 
mi^et  is  plat«d  vith  a  pole  cm  each  ii<tr  of  the  pUte,  (he  jwlcs  being,  wy.  half> 
way  Wlwciii  centre  and  eiraimfercncc.  KipUin  luiw  oiircTiis  »tII  be  induciH  in 
Ihe  plaic,  and  draw  a  fi)[ure  ahowing  iheic  djrcaion  1  the  plaie  bring  luppoaed  to 
lum  clochwiae  when  looked  at  ftom  the  side  on  which  Is  Ihe  nonh'Uekini;  pole. 

8.  Find  the  relation  betwwa  the  ipee<)  of  rcvolulion  and  Ihe  work  dotie  in  turning 
Ihe  plaic,  if  fiicliun  b  negligible.     It.Sc  1893. 

ifiM.  The  induced  e.oif.  is  proportiunal  lo  ihe  •peeil  with  ohich  ibc  plale  cut* 
tlw  line*  of  force,  that  is,  10  the  speed  of  lotation.  The  induced  currenta  an-  fio. 
poillanal  (•>  the  Induced  e.in.1  The  weak  done  is  represented  hy  ibc  hat 
derdopcd  inainj;  In  the  induced  currents,  and,  thrrefort,  as  ibe  beat  is  prcpoctiwwl 
to  the  squue  of  the  CBtrent,  tlwisork  ia  pTiiporlioiuit  lu  llKM)i>»e«flh««fit«(t  of 
relation. 

C  WW  U  lh«  uieuun:  in  cg.i.  units  in  the  elearamacnMlc  sysieMi  of  ■>e«iww«M 
to  c/an  e.ni.f.  uf  1  vol*,  (t)  of  a  reiiilance  of  I  ohm,  (3)  of  a  nimni  cf  I  awpa« 
Find  ibc  rale  rJ  work  in  («gs  pet  scccrtid  ntxn  a  current  of  t  antpcie  So<n  lowid 
aencnii  undoaa  e.iii.r  of  I  toIl     B.Sc.  iftU- 

S.   Deicnlie  the  ^menl  prlnciplei  of  the  conMnicticn  of  a  simple  fann  of  dy 
S.  &  A.  IX  (A.)  l897. 


93^  Questions  and  Examples 

&  Calculate  the  power  required  to  light  eighty  incandescent  lampa,  if  the  e.m.£ 
requited  be  65  volts  and  the  current  required  hy  each  be  .8  unpere.  If  the  lamps 
be  all  in  parallel  and  the  leads  have  a  resistance  of  .5  <diiD,  calculate  the  puwei 
wasted  in  them.      RSc.  1892.  Ans,  4160  watts  ;  2C148  waits. 

7.  Give  a  geneial  accounl  of  Ihe  "  magnetic  circuit "  method  of  dealing  with  magnetic 
probleros.  An  electromagnet  consists  of  an  iron  ring  wound  with  2000  tuns  <A 
wire,  and  having  an  air-gap  .5  cm.  wide.  The  length  of  the  iron  core  is  100  cm. 
and  the  cross  section  6  sq.  cm.  Find  the  total  induction  across  the  gap  when  a 
current  of  i  aiapere  flows  thiou^  the  wire.  [Permeabitity  of  the  iron  for  a  field 
2503  is  la]  Ata.  14430  c.g.s.  units. 

6.  Assuming  that  the  energy  {is  used  in  producing  the  heat  developed  in  a  conductor 
oF  resistance  r  when  traversed  by  a  current  c  depends  only  on  the  values  of  r  and 
c,  prove  from  the  dimensions  of  r  and  e  that  e  is  proportional  to  (*r. 

Ans.  Assume  t=c''r'^,  then  write  in  the  dimensional  (brmuke  for  e  (energy), 
t  and  r,  and  deduce  the  values  which  must  be  given  to  n  and  m  to  make  the 
dimensions  of  the  two  sides  of  this  equation  the  same. 


CHAPTER   XV 

J.   Enunciate  Faraday's  laws  of  electrolysis,  explaining  any  terms  used. 

2.  Explain  the  term  elcilro-ektmieal  equivalent.  If  3  amperes  deposit  4  grams  of 
silver  in  lominules,  what  isthe  electro-chemical  equivalent  of  silverP  S.  &  A.  D. 
(A.)  1S99.  Ans.  o.ooiil. 

3.  Calculate  the  elect  to -chemical  equivalent  of  nickel,  given  that  nickel  b  a  diad 
and  has  an  atomic  weight  of  58.6.  The  surface  of  a  body  being  1000  sq.  cm.,  how 
much  electricity  niiist  pas.s  to  give  the  body  a  coating  of  nickel  .1  mm.  thick? 
Density  of  nickel  S.6  ;  electro. chemical  equivalent  of  hydrogen  1.0357  x  io~*. 

Ans.  0.000304  ;  383400  coulombs. 

4.  A  solution  of  copper  sulphate  in  water  is  placed  in  a  vertical  cylindrical  lube,  in 
Ihe  top  and  lutloni  of  which  respectively  are  placed  horiiontal  cupper  discs,  the 
upper  one  being  just  immersed  in  the  liquid.  Describe  carefully  what  occurs 
when  an  electric  current  is  sent  upmards  through  the  liquid  from  one  disc  to  the 
other,  and  explain  that  which  is  oliserved.     B.Sc.  1899. 

5.  Describe  Ihe  ionic  theory  of  electrolysis,  and  distinguish  between  piimaiy  btk] 
secondary  chemical  actions  in  electrolysis.  I>escribe  what  occurs  durit^  the 
electrolysis  of  a  solution  of  sulphate  of  sodium  with  platinum  and  with  copper 
electrodes  respectively. 

6.  Show  how  the  ratio  of  the  velocity  of  the  ions  can  be  calculated  from  the  value  ol 
the  migration  constant. 

7.  Find  an  expression  for  the  molecular  conductivity  of  an  electrolyte  in  terms  of 
the  velocities  of  the  ions.  Tlie  niolecuiar  oonductivity  fiir  a  very  dilute  solulum 
of  a  given  electrolyte  is  .375  ohms"'  cm.-',  while  the  ratio  of  the  loss  of  the  salt 
near  the  kalh'jdc  to  the  total  loss  is  .2 ;  calculate  Ihe  velocity  of  the  ioru  for  a 
potential  gradient  of  one  volt  per  centimelrc. 

Aia.  Velocity  of  kalion  .00311  cm./sec.  ;  velocity  of  anioo  .00078  em./sec. 
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&,  Docrihe  a  mciliod  \tf  nhJcti  the  pulariialioii  in  >n  clectroljlic  cell  otn  be 
manircd.    Give  a  gnivrtl  accuunt  wX  the  pt]rii'>Tiii.-noii  of  polariialiun. 

SL  Two  tRikll  olrrtiolyti:^!^)!*.  conUniiiij;  iif  jJciviLuf  Invl  iliptnri);  in  dlluit  tulphurie 
acid,  xfc  pljKvd  in  scric)^  and  their  iciminali  arc  connccieil  lo  ihe  Iwo  nda  of  k 
nuke  and  break  key  plaocd  in  a  ciicuit,  Lnciuiling  a  battery  of  e.m.f  1  volts  ami 
aa  clcclraiii>);nt;t.  Il  is  iioliccd  llul  whiSlirr  T)ie  key  in  ■.•jvn  or  >but  vm  eleclro- 
lyilx  lake*  pUix  In  Ihc  e1i'ciin1y(ic  ccIJi,  and  (hil  no  aiiaik  occur>  when  Ihc  key 
U  opened  or  ihut.  On  i!i«:onne<;lina  ibe  eleclrolylic  celli,  howerer,  a  ilrong 
spark  is  {iraduced  un  openinj-  Ihu  key.     Accounl  for  the  above  cbBemuiotn. 


CHAPTER   XVI 

1,  What  i«  mcmt  by  "the  contact  different*  of  poiennal"?  Give  tttmini  fnr  Hip- 
|xwin);  ihal  ihe  oonliicl  iJilTtrcnce  oF  poli-iilial  Ivlvxvn  line  and  Copptr  ii  tniall. 

2.  I>c*ciiU:  iliedlMrilniiiiin  tif  pjtcnllal  in  a  Volta'*  celt  when  ihc  currtnl  it  (i)  open, 
|j)  dtued.     S.  A:  A.  !l.  UV)  1893. 

8,  Describe  the  capillary  cledrumelFr.  and  explun  how  it  nixy  be  cRipl<7yed  to 
mcuiiie  the  ciintacC  dilTeccnce  ol  potential  between  mereury  and  tulphurjc  acid 
wlutiun. 

4,  Describe  (d)  Danicll's,  and  (f)  cither  Urore's  or  Bunxn's  cclU,  cxpUiDing  in  each 
case  the  mca  of  the  various  [uttL     I'telim.  Set  189a 

0.  Iincribe  ttie  <ronsltiiciion  of  Lilinier  Ouk's  vlandanl  nil.  Vou  arc  given 
fire  Mtch  ccIIh  (c.ni.f.  uf  ouh  1.4$  vult),  what  nieiliiid  wiHild  ynu  aidujK  u>  find 
the  cm.f.  ofabniieiyof  looDaniclU  pctmanenlly  oonRccled  in  scries?  Int  Sci. 
(H.)  iSft). 

8.  A  Lnlanche  cell  it  conneetcd  by  Ion);  Ihtn  vim  to  a  {^Ivanunieicr,  the  needle  of 
whkh  U  ilefleclrd.  The  pule*  of  (he  coll  are  ihcn  bridged  acFoo  f»r  a  iJinn  lin.c 
by  a  pieee  of  thick  copper  wire.  After  the  rcnumiJ  of  ihc  thick  wire  ihe  e»I- 
vanoineter  dellectiuii  'v>  much  lets  than  before,  but  i^iliully  ti<<t  to  itt  former 
value.  Raplain  ihii.  a  &  A.  D.  (A.)  1898. 
Describe  the  oannruelionofand  mode  of  charpngaseooiidaty  batter]-.    S.  &  A.D. 


7. 


(A.)  1890. 


CHAPTERS  XVn   A»D  XVIII 


A  voltaic  celt  is  nUide  ap  with  linc  in  a  KJalion  of  fine  sulflialr,  sepanled  by  ■  \ 
pomli  paitiilon  htaa  a  mlutinn  tJi  cuppee  *al|diaie.  In  which  la  a  onpfirT  plate. 
ExplaiTi  u4icre  b  (he  souice  of  eneri^  ihot  Vet^p  the  cwmM  flowing  when  (he 
line  and  copper  arc  jiilncd.     U^c.  1889. 

The  tIectro><:heiniral  njuivaltnt  of  line  h  ixood^  grams/ampcrc-tenm'l.  Find 
ibc  cnsl  of  ihe  xinc  iii«l  hi  a  prinMiy  taltcry  f»t  ench  kon«-pu««i  |>ei  boiu  il 
tioc  B  /  pence  per  kihi,  and  If  the  coll  in  whidi  (he  tine  is  useil  ^vci  PvolU 
<74£  watls-i  h.p.)    R. 5k.  1895.  ^mi.  ,<)i]^K  pence. 

Give  the  theory  of  Ihc  vnltalc  hallery,  showing  how  to  cakoilalc  ihc  calI  of  a 
odl  from  ibcnno'cheniiCBl  daU,  and  htiw  hr  sudi  dala  an  Mffidenl.  RSc.  1B91. 
A  OttI  baa  on  npen  citcuit  an  e.m.f.  n4  1. 1  volt  tk  O*,  and  aben  mdosed  in 


■^ 


940  Questions  and  Examples 

^orimeter  and  allowed  to  pass  ■  current  for  one  boat  the  heat  commnnicated  to 
the  calorimeter  was  70  calories.  The  mean  value  of  the  cunent  was  .1  ampere, 
and  the  exlemal  resistance,  i.e.  the  resistance  oi  the  circuit  outside  the  caloci- 
metet,  was  3  ohms.     Calculate  the  temperatoie  coefEcient  of  this  cell. 

Am.  —   =-0.000053. 

6.  A  current  from  a  storage  battery  is  passed  through  a  galvanometer  01  ampere- 
meter and  an  electric  molor.  Describe  and  give  a  general  explanation  of  ibc 
difference  of  the  readings  of  the  galvanometer  when  the  machine  is  (i)  prevented 
from  rotating,  (l)  allowed  to  run  free  as  &s(  as  it  can.      S.  &  A.  D.  (.\.)  1892. 

6.  Give  a  general  description  of  the  changes  which  take  place  in  the  appearance  of 
a  tube,  fitted  with  electrodes,  through  which  an  electric  discharge  is  passed,  as  the 
pressure  of  the  air  Inside  (he  tube  is  decreased. 

7.  Give  an  account  of  the  evidence  for  the  theory  that  the  Itathode  rays  consist  of 
negatively  chained  particles  ^ot  out  from  the  neighbourhood  of  the  kathode. 

5.  Describe  experiments  to  ihow  that  a  ^s  through  which  a  discharge  passes 
becomes  dissociated. 

CHAPTERS  XIX  AND  XX 

L  Give  a  general  account,  illustrated  by  examples,  of  Foyntlng's  theory  as  In  the 

transference  of  electromagnetic  energy. 
2.  Assuming  Maxwell's  expression  (or  the  velocity  of  an  electro-magnetic  wave,  show 

that  the  refractive  index  of  any  medium  must  be  equal  to  the  square  root  of  ihe 

specific  inductive  capacity. 
B.   A  piece  of  glass,   of  length    10  cm.,   is  jjaced  near  the  centre  of  a  long,  thin 

solenoid,  which  is  traversed  by  a  current  of  50  amperes.     If  there  arc  20  turns  per 

cm,  in  the  solenoid,  and  Verdet's  constant  for  the  glass  IS  0.07,  find  ihe  rotation  of 

the  plane  of  polarisation  of  a  beam  of  plane  polarised  yellow  light  produced  by 

traversing  the  glass.  -Jbj.   14°  40'. 

4.   Descrilie  experiments  showing  that  the  discharge  of  a  Leyden  jar  is  accompanied 

by  alleinalions.  and  stale  under  what  circumstances  it  becomes  simply  dead. beat. 

Illusltate  your  answer  by  reference  to  anali^ous  mechaiucal  illustrations.      Int. 

Sci.  (II.)  1892. 

6.  Explain  how  it  was  that  Hertz  was  able  to  obtain  electrical  oscillations  of  small 
wave,  length. 

6.  Give  an  account  of  some  experiments  on  the  reftection  and  refimclion  of  eleciro- 
nu^netic  waves. 
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